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1. Outline of this Thesis
P
Important Enzyme
PS-PIAT
Polymersome
Cell with 
new Ability
Supramolecular Catalysis and the Metabolic Pathway - Towards Hybrid 
Cells; this is the title of the project that led to this thesis. The plan was to 
create an artificial organelle by integrating a polymersome nanoreactor into 
a cell. Polymersomes are self-assembled spherical architectures prepared 
from amphiphilic block copolymers, and may be regarded as stable 
analogues of liposomes. The polymersomes that have been used in this 
thesis are based on a block copolymer polystyrene-polyisocyanopeptide 
(PS-PIAT). They have a membrane that is permeable to small molecules, 
making them excellent candidates to become artificial organelles, for 
instance when loaded with enzymes.
Our idea of a polymersome-based artificial organelle is as follows: it is a polymeric 
capsule that introduces a new catalytic ability into a cell. This ability can be a new one, to 
enable new routes for the biosynthesis of natural products. It can also be an ability that is 
native to a healthy cell, but is absent or greatly lowered in activity in a sick cell. Both of 
these goals could be achieved by bringing a free enzyme into a cell. We focused our 
approach on the latter goal.
Some metabolic disorders are already clinically treated using so-called protein therapy, 
where intact free proteins are introduced in a cell. Unfortunately, the cell continually 
rebuilds itself, so exogenous proteins have a limited lifetime. The polymeric bilayer of PS- 
PIAT polymersomes protects its cargo enzymes from proteolytic degradation, and thus 
polymersome nanoreactors constitute a more enduring strategy for introducing enzymes 
into a cell. Any desired enzyme is first encapsulated in a protective polymersome, and then 
integrated into a cell. In this strategy, the polymersome forms a delineated intracellular 
compartment in which an enzyme is active. This prompts the comparison to an organelle.
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Chapter 2 gives a summary of feats related to catalysis or biology that have previously 
been accomplished with polymersomes. There are many examples where polymersomes 
were used as a host for a catalyst. Also, some in vitro and in vivo studies have been 
performed with other, mostly PEGylated systems. This body of literature has set an 
excellent stage for this thesis.
Chapter 3 describes our efforts to immobilise molecules on the outside of PS-PIAT 
polymersomes. Since in the course of our studies the encapsulation of enzymes appeared to 
be the least difficult part of this project, we first focused on cellular integration. We had 
multiple strategies in mind with which to achieve this (we even tried microinjection and 
electroporation), but cell penetrating peptides (CPPs) seemed the most promising approach. 
PS-PIAT does not offer many opportunities for end-group functionalisation, though, so we 
envisaged a reactive block copolymer that could be admixed. This led to the design of PS40- 
PEG65-maleimide and PS4o-PEG65-acetylene, the ‘anchors’ (PEG is poly(ethylene glycol)). 
After mixing the anchors with PS-PIAT, we planned to test the availability of their reactive 
groups by conjugating fluorescent probe molecules to the anchor-containing polymersomes. 
Subsequently, the immobilisation of CalB was devised using azido-CalB and the Cu- 
catalysed azide-alkyne cycloaddition, through the notion that an enzyme would be more 
readily detected than a fluorescent probe; this is because its signal amplifies in time when it 
converts a substrate into a fluorescent product.
Chapter 4 deals with a cheap method to create large amounts of azido-enzymes. The 
CalB used in chapter 3 contained exactly one available azide, providing excellent control. 
Unfortunately, it is laborious to produce, using methionine-auxotrophic bacteria 
supplemented with azidohomoalanine. The high level of control offered by this method was 
not a requirement for our future plans (creating the enzyme cascade described in chapter 5). 
Also, we planned to use larger amounts of protein per single experiment than could 
reasonably be obtained from an average protein expression. So we set out to develop a 
general route to introduce azides in proteins in a chemical way. One strategy to achieve this 
is to use 2-azidopropyl-A-hydroxysuccinimate to functionalise the amine groups in lysine 
side chains. While performing a diazo transfer on alanine to prepare this linker molecule, it 
dawned: why would one turn an amine into an azide with the end goal of turning another 
amine into an azide? So we tried the shortcut.
Chapter 5 is an extension of chapter 3: the enzyme linked to the surface of a PS-PIAT 
polymersome has become part of a three-enzyme cascade system. A three-enzyme cascade 
reaction had recently featured in a communication from our groups, with two enzymes 
associated with a PS-PIAT polymersome and one of them floating freely in the medium. 
Using our anchors, we planned to tighten this system by tethering the free-floating enzyme 
to the polymersome surface. We also investigated the actual enzyme-load of the 
polymersomes.
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Chapter 6 explores the capabilities of PS-PIAT polymersomes as nanoreactors, as we 
looked for new fields where enzymes-in-polymersomes would have an advantage over free 
enzymes. One advantage of an encapsulated enzyme is that its product molecule can be 
made to stick around by co-encapsulation of product traps in the polymersome. 
Fluorescence activated cell sorting (FACS) is an established technique that can be used to 
sort small particles based on their fluorescence. We wondered whether it could be applied to 
sort catalytically inactive polymersomes from active ones. This enabled us to create 
populations of polymersomes where each single capsule was a guaranteed functional 
nanoreactor.Most of this work was performed by Dr. Madhavan Nallani.
Chapter 7 reports preliminary experiments aimed at bringing PS-PIAT polymersomes 
into cells. The easiest method to bring a particle into a cell might be to use cells that 
automatically internalise anything they bump into, e.g. macrophages - cells with a high 
intrinsic phagocytic activity. We investigated whether polymersomes could be taken up by 
macrophages. It turned out that PS-PIAT polymersomes were indeed rapidly taken up, but 
polymersomes based on PS-PEG were not. Since we had already booked results with PS- 
PEG ‘anchors’ (see chapters 3, 4 and 5), we investigated whether polymersomes built up 
from a combination of PS-PIAT and anchor could be used to form PEGylated PS-PIAT 
polymersomes.
C hapter 8, finally, recounts our first real attempt aimed at constructing an artificial 
organelle. We encapsulated horseradish peroxidase (HRP) into PS-PIAT polymersomes, 
since there are substrates for HRP that can diffuse through lipid membranes. Addition of 
such substrates to the cell culture medium would make them available inside the cell as 
well. We introduced the HRP-nanoreactors in cells using the CPP tat conjugated to an 
anchor: PS-PEG-tat. It was found that PS-PEG-tat leads to uptake of polymersomes 
through macropinocytosis. The encapsulated HRP was able to convert a chromogenic 
substrate while the polymersome was inside a cell, which entitles this system to call itself 
an artificial organelle.
Chapter 9 explains the hurdles we met while attempting to create a clinically relevant 
artificial organelle. While an HRP-based intracellular compartment is a good proof of 
principle, it does not cure any diseases yet. Here, we give some suggestions for further 
research, and caveats based on failed attempts we already made.
3
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2. Biohybrid Polymer Capsules
Compartmentalization is one of the most powerful tools in nature’s arsenal 
to structure metabolic and signaling pathways. Many of the catalytic reactions 
taking place in cells comprise multiple reaction steps in which a compound is 
processed to a final product via a series of enzymes acting in a predetermined 
order.1 It is compartmentalization that helps a cell to enable a high level of 
control over enzyme reaction order.2 In addition, compartmentalization may 
help protect the cell against harmful reaction conditions, as for example can be 
found in lysosomes or, on a smaller scale, proteasomes.3 Compartments can 
also serve as scaffolds, e.g. for the precise decoration with biomolecules, 
which can act as recognition elements on the surface, as catalysts in the interior 
of the compartment, and as selective channels in the compartment’s membrane, 
as found for the complex protein translocation machinery in the endoplasmatic 
reticulum.4 The coupling of reactions in space and time as observed in nature is 
of high interest to chemists as it may help develop catalytic systems that 
display increased efficiencies in chemical conversions on scales that range 
from the laboratory bench to those of large industrial plants.5 Currently, entire 
cells are being used in industry as micro-factories to produce a variety of 
products on a large scale, underlining their ongoing use as most advanced 
functional capsules to date.
Stijn F. M. van Dongen, Hans-Peter M. de Hoog, Ruud J. R. W. Peters, Madhavan Nallani,
Roeland J. M. Nolte, and Jan C. M. van Hest* Chemical Reviews, 2009, 109, 6212-6274 
Received February 23, 2009, Published on Web 08/07/2009; 10.1021/cr900072y
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2.1. Introduction
Artificial nano- and microcapsules that seek to mimic their natural counterparts can be 
constructed in different ways, leading to a variety of properties, as will be discussed in this 
chapter.6-8 Enzymatic conversions can take place in the lumen of such capsules, and their 
membranes can be used to confine and tune reaction pathways. Synthetic capsules are also 
attracting a lot of attention because of their promising applications in the controlled release 
of pharmaceuticals. Capsules that bear recognition elements have been targeted to specific 
tissues or organs, providing a desirable vehicle for the aforementioned release of drugs.9 
For a chemist, the successful exploitation of capsules begins with their tailor-made design 
and synthesis, for which cells and their organelles are the primary source of inspiration. To 
be able to do so one needs insight in the design principles of nature to endow function to a 
molecule and to direct its self-assembly to a preset architecture. Although spectacular 
progress has been made in the field of bio-inspired self assembly,10-13 unfortunately, the 
construction of an artificial cell is still not much more than a fantasy. Fortunately, more 
simple systems such as micelles, vesicles, and other assemblies of molecules may already 
partly solve the problem by providing a capsule that can be geared towards a desired 
application, e.g. the controlled release of drugs, as was demonstrated in the literature 
already quite a long time ago.14-16 The view of life as being the result of a nanoscale 
phenomenon17 is more recent and should rouse the interest in capsules for any chemist.
DiblOCk Figure 1. Some of the most common 
methods of block copolymer packing 
TriblOCkS in polymersome bilayer membranes
Pentablocks
2.2. Polymersomes
Polymersomes are hollow vesicles with a polymeric membrane, generally built from 
amphiphilic block copolymers of the AB or ABA-type.18-22 In almost all cases, the vesicular 
membrane has an insoluble middle and a soluble outer layer.18 The driving force for their 
formation by self-assembly is considered to be the microphase separation of the insoluble 
blocks.23-27 Some commonly observed assemblies of different types of block copolymers 
are shown in Figure 1. For linear amphiphiles in aqueous solution, the resulting 
morphology is dictated by the time-average molecular shape of the polymer chain.21 This 
shape can have the form of a cylinder, a wedge, or a cone (Figure 2) Most simply put, it is a 
reflection of the so-called hydrophilic fraction ƒ, since in water, lyotropic behavior (the 
tendency to phase-separate in response to solvent conditions) mostly originates from
6
Figure 2. (a) Schematics of block copolymer 
hydrophilic fractions ‘f  with respective 
cryogenic transmission electron microscopy 
images showing vesicles or worm micelles 
and spherical micelles. (b) Schematic scaling 
of polymersome membrane thickness with 
copolymer molecular weight (MW). 
(Reproduced from ref.88)
hydrophobicity of one of the blocks. For 
ABA-type triblock copolymers, the central 
‘B’-block is often shielded from the 
environment by its flanking ‘A’-blocks, 
whereas AB-type copolymers aggregate in 
bilayers, placing two hydrophobic blocks 
tail-to-tail, much to the same effect.2829
This latter architecture has many 
similarities to the bilayer of liposomes,30 
which are basically the same, yet on a 
smaller scale. The use of the name 
‘polymersomes’ for block copolymer 
vesicles has even been inspired by their 
similarities in bilayer morphology.20 Polymersomes, however, are typically more 
mechanically and thermodynamically stable, which can for a large part be attributed to the 
lower critical aggregation concentration of their constituent amphiphilic macromolecules. 
253i-33 Furthermore, the versatility which can be applied in block copolymer synthesis34-37 
or solvent system composition38 enables a greater control over the properties of 
polymersomes as compared to liposomes. This greater versatility has made polymersomes a 
subject of intensive research, with current applications ranging from imaging agents39-42 
and biological delivery vehicles43-47, to nanoreactors.8,48-50 Even industrial applications have 
already been reported.29,51,52
2.3. Biohybrid applications of polymersomes
Although polymersome membranes on average are much thicker than conventional lipid 
bilayers, a comparison of polymersomes with naturally occurring lipid vesicles is 
inevitable.53 This may have led to the multitude of bio-inspired block copolymer building 
blocks featuring biological moieties such as peptides and saccharides.54-57 The use of 
biomolecular building blocks enables the introduction of biological functionality into or 
onto the polymersomes, which makes them suitable to mimic or interfere with biological 
processes. Furthermore, the well-defined folding properties of biomolecules can be used to 
create block copolymers with specific topologies, suitable for polymersome formation.58
a ƒ  dictates aggregate morphology
25-40%  40-50%  > 50%
b MW dictates aggregate dimension
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Besides the use of premade hybrid building blocks for the construction of biohybrid 
polymersomes, an alternative method is to introduce biological units during or after the 
polymersome formation process. Polymersomes have a defined architecture that can be 
used as a scaffold for the precise positioning of (bio)molecules. The possible applications of 
this property range from the simple encapsulation of proteins32 to the incorporation of 
membrane proteins in the polymeric bilayer.59 The surface of a polymersome can also be 
conjugated to molecules ranging from cellular signaling molecules40 60 to complete proteins 
or enzymes.6162 All these biofunctionalization options have made it possible that biohybrid 
polymersomes can be applied for various purposes, e.g. as reaction vessels863 or as vehicles 
for a host of biomedical applications.6465
2.3.1. Polymersomes as enzymatic reactors
The first encapsulation experiments with proteins were performed with myoglobin, 
hemoglobin, and albumin.32 These compounds were encapsulated via the addition of the 
solid block copolymer polybutadiene-fc/oc^-poly(ethylene glycol) (PBD-PEG, see chart 1) 
to an aqueous solution of the desired solute, after which the mixture was incubated for a 
day. The efficiency of this method varied considerably, ranging from ~5% for albumin as 
determined by fluorescence spectroscopy, to more than 50% for myoglobin as estimated by 
bright field microscopy.
The interest in stimuli-responsive vesicles led Napoli et al. to investigate glucose oxidase 
(GOx) containing polymersomes.66 These vesicles were prepared by encapsulating GOx 
within polymersomes of PEG-fc/oc^-poly(propylene sulfide)-fc/oc^-PEG (PEG-PPS-PEG, 
see chart 1). The hydrophobic middle block contained thioethers that were converted to 
more hydrophilic sulfoxides and sulfones when oxidized by H 2O2 . The latter is produced 
when glucose is oxidized to gluconolactone by the encapsulated GOx. This oxidation 
thoroughly destabilized the membrane, leading to vesicle degradation and hence to 
aggregates that were self-immolative when glucose was added.
Figure 3. Schematic representation of a 
nanoreactor containing the enzyme !- 
lactamase, prepared from an amphiphilic 
triblock copolymer and the porin OmpF. The 
enzyme converts ampicillin to ampicillinoic 
acid. (From reference.70)
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Membrane permeability is an important parameter when encapsulated enzymes are 
supposed to come into contact with solutes in the medium. Battaglia et al. have developed a 
method for determining the permeability of polymersome membranes by encapsulating the 
highly hydrophilic 3,3',3"-phosphinidynetris-benzenesulfonic acid and subsequently 
monitoring its reaction with 5,5'-dithiobis-2-nitrobenzoic acid.67 For this test system, it was 
found that the diffusion over polymersome membranes is in good agreement with Fick’s 
first law. Unfortunately, a universal method to describe the diffusion of all types of solutes 
(charged, bulky) over a variety of membranes (high glass transition temperatures, rigid 
rods, triblocks) does not exist, but individual systems can most probably be investigated 
using similar methods.
For sufficiently small substrates, e.g. O2 - for the enzyme Cu,Zn superoxide dismutase, 
membrane permeability is not an issue.68. The limitations of low membrane permeability 
for larger substrates have been circumvented by incorporating channel proteins in the 
polymer membrane, which can transfer substrates to their enzymes. The group of Meier has 
developed a nanoreactor by incorporating the so-called OmpF channel protein (porin) in the 
membrane of a polymersome based on poly(2-methyloxazoline)-b-poly-(dimethylsiloxane)- 
b-poly(2-methyloxazoline) (PMOXA-PDMS-PMOXA)69 (Figure 3).5970 Transport of small 
molecules over the membrane was greatly facilitated by the nonspecific OmpF channel 
protein embedded in the membrane, allowing passive diffusion of solutes up to a molecular 
weight of 400 g mol-1. The thus readily accessible lumen contained p-lactamase enzymes. 
The activity of the encapsulated p-lactamase was determined by an iodine-starch assay, 
detecting the catalyzed formation of ampicillinoic acid from the substrate, ampicillin.
An interesting characteristic of the OmpF channel protein is its responsiveness to a 
transmembrane potential, closing itself when the potential is increased above 100 mV.59 
This property was put to good use by the addition of the sodium salt of poly(styrene 
sulfonate) to the dispersion. This negatively charged polymer is too large to pass through
Charged molecules as 
compound trap
FhuA(Al-129)
Lipid bilayer or ABA 
polymer
Negatively charged 
compounds
Product1 
Substrate
(A) '  (B)
Figure 4. Schematic representation of two polymersome systems designed for (a) selective product 
recovery by loading the capsules with positively charged macromolecules as traps for negatively 
charged compounds and (b) biocatalytic conversions of substrates by enzymes encapsulated inside the 
polymersome. (Reprinted from 71.)
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the membrane, whereas its sodium counter ions can readily get into the vesicle. This 
establishes a so-called Donnan potential, which closes the membrane protein. The 
conversion of ampicillin was effectively stopped by the creation of this potential, but could 
be started again by dilution of the dispersion, or by the addition of NaCl, both of which 
opened the channels again.
Another, larger channel protein that has been incorporated in PMOXA-PDMS-PMOXA 
polymersome membranes was a mutant of the so-called FhuA protein.71 Polymersomes 
loaded with the enzyme horseradish peroxidase (HRP) and equipped with FhuA channels in 
their membranes were shown to be catalytically active, proving the functionality of both the 
enzyme and the channel (Figure 4, right). In a second application of the channel, 
polyelectrolytes, for example polylysine, were used as a ‘trap’ inside the polymersome to 
selectively recover a product, e.g. the negatively charged sulforhodamine B, from the 
medium (Figure 4, left). The sequestering of product molecules inside catalytically active 
polymersomes was also achieved with the OmpF channel by using a soluble substrate that 
became insoluble upon enzymatic conversion, leading to accumulation of precipitated 
product molecules inside the polymersomes.72
Chemical modification of the FhuA channel prior to reconstitution in the polymersome 
membrane turned it into a reduction-responsive channel. Onaca et al.73 modified the lysine 
residues on the inside of the channel with the N-hydroxysuccinimide ester of either 2- 
[biotinamido]ethylamido-3,3'-dithiodipropionic acid or 3-(2-pyridyldithio)propionic-acid. 
These groups sterically blocked the channel, not allowing encapsulated calcein molecules 
to diffuse out of the polymersome. Upon reduction of the disulfide bonds with 
dithiothreitol, the remaining bulk on the lysine residues was sufficiently small to allow the
encapsulated calcein to pass through the 
channel.73
A variety of ion-carrying ionophores has 
been embedded in the PMOXA-PDMS- 
PMOXA triblock membrane, facilitating the 
transport of calcium ions.74 To demonstrate 
this feature, polymersomes prepared in 
phosphate buffer were dialysed to remove 
free, non-encapsulated phosphate ions after 
which a CaCl2 solution was added. 
Subsequently, the vesicles were incubated 
with one of three different ionophores. After 
one hour, the growth of calcium phosphate 
crystals on the inner membrane could be 
observed by electron microscopy. After 24 
hours, a significant part of the polymersomal
Figure 5. Schematic representation of a 
PMOXA-PDMS-PMOXA vesicle interacting 
with a " phage. The phage binds a LamB 
protein that is embedded in the capsule’s 
membrane. Subsequently, the DNA is 
transferred across the block copolymer 
membrane. (Reproduced from ref.75)
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lumen was filled with calcium phosphate crystals. Polymersomes not treated with 
ionophores did not show this crystal formation.
A more complex protein that was embedded in a PMOXA-PDMS-PMOXA 
polymersome was the bacterial channel-forming protein LamB.75 The outer membrane 
protein LamB is a transport protein that is specific for maltodextrins, but can also bind " 
phages and trigger them to inject their DNA into the polymersome (Figure 5). The 
preserved functionality of LamB in an artificial environment is noteworthy, since it 
effectively tricks a phage into recognizing a synthetic polymer vesicle as a cell.75
Another system meeting the concept of artificial cells is based on a variation of the 
triblock copolymer used in the examples above, namely poly(2-ethyl-2-oxazoline)-fcloc£- 
PDMS-fc/oc£-poly(2-ethyl-2-oxazoline) (PEtOz-PDMS-PEtOz). This polymer was used by 
Choi et al.48 as a membrane in which some of the cellular machinery for the biosynthesis of 
ATP was reconstituted.48 Bacteriorhodopsin (BR) is a light-driven transmembrane proton 
pump, which was embedded in the PEtOz-PDMS-PEtOz polymersome membrane to build 
and maintain a proton gradient over it. This gradient fueled the action of F0F 1 -ATP 
synthase, the rotary motor protein that catalyzes the phosphorylation of ADP to produce 
ATP. This biomimetic polymersome thus successfully replicated the biosynthesis of ATP, 
demonstrating the feasibility of performing biosynthesis in polymersomes (Figure 6).48
The group of Meier has taken the concept of biosynthesis in another direction, aiming to 
integrate a polymersome nanoreactor with a living cell.76 This integration was achieved by 
labeling the outer surface of PMOXA-PDMS-PMOXA polymersomes with polyguanylic 
acid (polyG), a signal that is recognized by certain macrophages and triggers 
internalization. The polyG was immobilized on the polymersome periphery via conjugation 
of biotin to the PMOXA-termini, after which streptavidin was used to connect the vesicle to 
polyG, which also carried a biotin label.60 In this way, trypsin-loaded, polyG-labeled
Figure 6. Schematic representation of 
polymersomes reconstituted with both 
bacteriorhodopsin (BR) and F0F1-ATP 
synthase. ATP synthase uses an 
electrochemical proton gradient generated by 
bacteriorhodopsin to synthesize ATP from 
ADP and inorganic phosphate (Pi). 
(Reproduced from ref.48)
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polymersomes were prepared, without channel proteins in their membranes. These vesicles 
were internalized in macrophages. After internalization, all trypsin activity was inhibited 
via the addition of specific trypsin inhibitors to the cell growth medium. In spite of these 
inhibitors, trypsin activity was detected in macrophages containing the polymersome 
nanoreactors.76
Besides the biotin-streptavidin interaction mentioned above, also the host-guest binding 
between ^-cyclodextrin (!CD) and adamantane was employed to functionalize (!CD- 
covered) polymersome surfaces with (adamantane-appended) enzymes, as was 
demonstrated by Felici et al.,77 using a polystyrene (PS) appended !CD. The enzyme in 
question, HRP, was equipped with a PEG68-spaced adamantyl group. These surface- 
immobilized enzymes were incubated with hydrogen peroxide and 2,2’-azino-bis(3- 
ethylbenzothiazo-line-6-sulfonate) (ABTS), of which the former is used by HRP to turn the 
latter into its radical cation, which strongly absorbs light at 420 nm. Indeed, this 
transformation was readily detectable in the polymersome dispersions. After multiple 
washing steps, however, the non-covalently linked HRP was present in smaller numbers, 
suggesting that the pCD-adamantane interaction is too weak to withstand prolonged 
washing.
A covalent surface immobilization procedure would solve this problem, and one such 
method was introduced by Opsteen et al.61 A PS-fcloc£-poly(acrylic acid) (PS-PAA) was 
terminated with an azide moiety, which covered the polymersome surface after the 
assembly of PS-PAA into polymersomes. Azides can be selectively and efficiently reacted 
with acetylenes using the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition, commonly 
referred to as a ‘click’ reaction. To exploit the reactive polymersome surface, a variety of 
acetylene-bearing molecules were reacted with the ‘clickable’ polymersomes. An acetylene- 
dansyl probe led to fluorescent vesicles. A functionalized biotin group enabled streptavidin 
recognition, which was proven by the successful conjugation of streptavidin-labeled 
colloidal gold particles to the biotinylated vesicles. Using pentynoic acid N-succinimidyl 
ester, green fluorescent protein was provided with acetylene groups, and this intact protein
could also be conjugated to the 
polymersome surface, as shown by 
confocal fluorescence microscopy
(Figure 7).
A more modular approach to 
surface decoration of polymersomes 
was given by Van Dongen and 
coworkers, who reported the use of a 
functional PS-PEG block copolymer 
which could be admixed with other 
block copolymers (chapter 3 of this
a) b)
Figure 7. Confocal laser-scanning microscopy images 
of PS-PAA-N3 polymersomes with acetylene- 
functionalized GFP conjugated to their surfaces 
(transmission [a] and fluorescence excited at 488 nm 
[b]). (From reference.61)
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Chart 1. Structure formulas of various functional polymersome-forming block copolymers described 
in this chapter.
thesis).62 This PS-PEG, provided with an acetylene group on its hydrophilic end, was 
shown to be able to expose its functionality to the surface of a variety of aggregates, as 
demonstrated for polymersomes built from polystyrene40-b/oc£-poly[L-isocyanoalanine(2- 
thiophen-3-yl-ethyl)amide]50 (PS-PIAT, see chart 2) or PS-PEG. The reactivity of the PS- 
PEG-acetylene was proven by the successful and nearly quantitative immobilization of an 
azido-functionalized enzyme, Candida antarctica lipase B (CalB), on the polymersome, 
while retaining the catalytic activity of the lipase.6278 CalB activity was detected with the 
help of the substrate 6,8-difluoro-4-methylumbelliferyl octanoate (DiFMU octanoate).
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polystyrene-(permethylated p-cyclodextrin) poly(ethylene glycol)-polycaprolactone
PS-pCD PEG-PCL
H
Chart 2. Structure formulas of various functional polymersome-forming block copolymers described 
in this chapter.
A modular approach was also sought by Nehring et al.,79 who coupled a nitrilotriacetic 
acid (NTA) moiety to the hydrophilic terminus of PBD-PEG, using succinic acid as a short 
linker. After equipping the block copolymer with the NTA chelator, it was incubated either 
with Ni2+ or Cu2+, sequestering the ions. The resulting metalated block copolymers were 
admixed with unfunctionalized PBD-PEG in a 1 to 10 ratio to form polymersomes 
displaying, for example, Ni-NTA on their surfaces. In the field of proteins, the selective 
interaction between Ni-NTA and the terminal oligohistidine residues of a protein (a so- 
called His-tag) is well-known.80 This interaction was used to non-covalently bind His- 
tagged model proteins to a polymersomal surface.
The enzyme CalB was also used in another block copolymer-based nanoreactor, which 
was constructed by encapsulating the lipase inside polymersomes of PS-PIAT.81 The 
enclosed CalB enzymes retained their 
catalytic activity towards DiFMU 
octanoate, and the PS-PIAT bilayer 
membrane was shown to be permeable 
to this low molecular weight substrate.
Of interest is the fact that this 
permeability was obtained without the 
use of channel proteins embedded in 
the membrane.
The membrane of PS-PIAT 
polymersomes could also be
Figure 8. Schematic representation of a cascade 
reaction between separate polymersomes. The left 
polymersome contains GOx, the right one HRP (From 
reference.84)
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specifically loaded with enzymes,49 by first encapsulating an enzyme in the lumen followed 
by lyophilization of these aggregates. After redissolving the resulting biohybrid in THF it 
was redispersed in an aqueous medium, leading to immobilization of CalB inside the 
polymersome membrane. This methodology was used by Nallani et al.,82 who investigated 
the ring-opening polymerization of several lactones by CalB when positioned in either the 
membrane or the water pool of a polymersome. It was found that the activity of the latter 
assembly was comparable to that of the free enzyme (high molecular weight esters were 
formed) whereas the membrane-bound CalB only produced short oligoesters. In both cases, 
the formed polymers were found to destabilize the vesicle membrane.
The activity of encapsulated CalB could also be probed by flow cytometry, a powerful 
technique that is routinely used for high-throughput fluorescence activated cell sorting 
(FACS, chapter 6 of this thesis).83 In this case carboxyfluorescein diacetate (CFDA), which 
is converted to the fluorescent carboxyfluorescein by CalB, was used to assess the activity 
of CalB inside PS-PIAT polymersomes. To prevent diffusion of the fluorescent product out 
of the polymersomes, poly(L-lysine) was co-encapsulated with CalB. This polycation 
trapped the negatively charged carboxyfluorescein product molecules and thus helped 
colocalize the fluorescent signal with the active catalysts. The thus labeled nanoreactors 
could be separated from other nanoreactors by flow cytometry (Figure 68), resulting in the 
identification of active populations of the bioreactors. The same procedure was followed for 
polymersomes encapsulating fluorescent markers like GFP.
Apart from CalB, also other enzymes have been encapsulated in PS-PIAT polymersomes. 
Both glucose oxidase and horseradish peroxidase were trapped inside PS-PIAT-based 
polymersomes, and were shown to be active.84 The action of GOx and HRP can be coupled 
in a cascade reaction where the hydrogen peroxide produced by GOx is used by HRP to 
convert ABTS into its radical cation. When both enzymes were separately encapsulated in 
polymersomes and combined in a single dispersion, the nanoreactors participated in a 
cascade reaction, without the need of transport mediators to facilitate transport of substrates 
between polymersomes (Figure 8). In addition, it was shown that the addition of a protease 
did not stop the reaction, as would be the case with free enzymes, indicating that the 
enzymes were protected by their polymersome armor.
The concept of a three-enzyme cascade reaction involving catalytically active 
polymersomes was presented by Vriezema et al.,49 who made use of the possibility for 
positional assembly of enzymes that polymersomes offer. In this system, GOx was 
encapsulated into the lumen of PS-PIAT polymersomes while HRP was entrapped in the 
membranes, turning these polymersomes into two-enzyme nanoreactors that could perform 
the same cascade reaction as described above for two separate polymersomes. The cascade 
reaction was expanded by coupling it to the esterase activity of CalB, which was freely 
dissolved in the polymersome dispersion. In this case instead of glucose, the substrate
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Figure 9. Images illustrating the creation of polymer nanotube-vesicle networks. (Left) Sequence of 
images illustrating the pulling of a nanotube from the membrane of a polymersome using optical 
tweezers (shown in red) and the attachment of the nanotube to another polymersome. (Right) 
Composite image from video fluorescence microscopy of a network of polymer nanotubes and 
polymersomes containing a membrane dye, assembled using optical tweezers. (Scale bar: 10 #m.) 
(Inset) Scanning confocal microscopy image of a nanotube pulled from a polymersome encapsulating 
the sulforhodamine B dye in buffer. Variations in the intensity are due to movement of the nanotube 
during the scan. (Scale bar: 10 #m.) (Reproduced from ref.85)
glucose tetra acetate was used; it was readily converted into free glucose via the hydrolytic 
action of CalB, thus producing the substrate for GOx in situ.
The most complex system incorporating the same three-enzyme cascade reaction was 
realized by combining lumen- and membrane-encapsulation with the surface 
immobilization of enzymes, in one PS-PIAT polymersome (chapter 5 of this thesis).78 In 
this work, GOx was included in the lumen, and CalB embedded in the polymersome 
bilayer. With the help of the PS-PEG-acetylene block copolymer described above,62 azido- 
HRP was conjugated to the surface of the polymersome, selectively positioning three 
different enzymes at three different locations of the same polymersome. The resulting three- 
enzyme cascade was kinetically analyzed, and it was found that the activity of HRP had no 
influence on the overall reaction rate, suggesting that its spatial position made that it was 
not involved in or before the rate determining step of the reaction. Furthermore, the 
efficiencies of encapsulation of the enzymes were investigated. The surface conjugation of 
azido-HRP to the acetylenes presented via the PS-PEG-acetylene block copolymer was 
shown to be near quantitative. Incorporation efficiencies of GOx in the water pool reached
16
25%, while CalB was retained in the bilayer membrane with an efficiency of ca. 17%, 
suggesting that a mere statistical inclusion of enzymes was not taking place.
Reiner et al. created long, hollow tubes from PBD-PEG polymersome membranes by 
pulling them out using micropipettes or optical tweezers (Figure 9).85 This tube formation 
allowed the creation of networks that may enable nanoscale reactor-setups, since 
polymersomes were successfully interconnected by these channels. The PBD blocks 
allowed for UV-crosslinking of the hydrophobic membrane leaflet leading to increased 
structural stability.86 Also, permanent kinks or bends could be created in the channels by 
means of spot-curing the membrane. The ability of these polymersomal channels to 
transport (bio)molecules was demonstrated by electrophoresis of DNA through one of these 
nanotubes. Although these results, at present, do not involve catalysis of any kind, the 
demonstration of microfluidic facilitation may inspire the study of more complex 
polymersome cascade reaction setups in the future.
The opportunities that polymersomes offer as nanoreactors are manyfold, and it may not 
be long before practical applications will be realized. The desire to closely mimic nature 
has already resulted in systems of high complexity.48 Catalysts encapsulated in 
polymersomes are not only protected from their environment, e.g. enzymes protected from 
the action of proteases,84 but are also more easily removed, for example via filtration of the 
solution.78 The precise ordering of enzymes inside polymersomes and the tuning of 
reactions by their spatial positioning opens the door to many applications in the future.
2.3.2. Biomedical applications
PEG is one of the most widely used hydrophilic polymers in the field of polymersome 
science. PEGylated liposomes are widely used for stealth purposes since they can stay in 
circulation for tens of hours. This makes PEG-based polymersomes even more interesting 
since they have a greater PEG content and a higher stability,87 while still evading 
macrophage attention.32 The stealth properties provided by the dense PEG surface of 
polymersomes has been shown to increase the in vivo circulation time to up to twice that of 
liposomes, viz. 20 to 30 hours in rats. Eventually, the polymersomes are cleared from the 
circulation via the liver and the spleen, by the process of opsonization.87 Opsonization
Figure 10. In vivo fluorescence image of 300­
4000 nm-sized NIR-emissive polymersomes taken 10 
min after direct tumor injection of a 9L glioma- 
3000 bearing rat. The fluorescence signal intensity 
corresponded to only half the integrated
emission from the polymersomes, and it 
2000 . , , . .remained constant between successive images
taken during a 20-min interval post injection.
1000 (Adapted from ref.42)
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stands for the deposition of plasma proteins onto the membrane of the vesicle, which 
provides a ‘grip’ for phagocytes to interact with the polymersome despite its layer of PEG. 
The combination of long circulation times with aggregate stability has led to a variety of in 
vitro and in vivo applications of polymersomes.88
Prolonged circulation increases the effectivity of imaging. For biomedical applications 
visible light fluorescence is not as useful as infrared and near-infrared (NIR) radiation, 
which have a far higher degree of tissue penetration, and thus can be used for imaging in 
vivo. This property was taken advantage of by Ghoroghchian et al.,8990 who used a variety 
of porphyrin-based dyes to load the hydrophobic leaflet of PBD-PEG polymersomes. The 
fluorescent properties of these dyes could conveniently be varied by changing the 
substituents on the porphyrins involved.4190 Confocal NIR microscopy showed that the dye 
was uniformly dispersed throughout the polymersome membrane. These brightly 
fluorescent polymersomes were injected in a 9L glioma-bearing rat, which was then imaged 
at various time points.42 The fluorescence emanating from the polymersomes caused a
localized signal of sufficient intensity to 
penetrate the tumor tissue of this living 
animal (Figure 10), giving a signal-to- 
background ratio of at least 10 to 1.
This platform was later expanded by 
combining these imaging agents with a 
cell penetrating peptide (tat) which was 
conjugated to the surface of the PBD-PEG 
polymersomes using succinimidyl 
carbonate.40 Dendritic cells (DCs), which 
are essential to the human immune system, 
were shown to be efficiently targeted by 
these emissive polymersomes. The cellular 
function of the DCs was not disrupted 
after internalization of the tat-labeled, 
fluorescent vesicles. These studies may
Functionalized OB 18 Fraction
Figure 11. Binding strength measurements. (a) Illustration of PBD-PEG-biotin in a PBD-PEG 
polymersome with the same chain lengths. (b) Illustration of the same PBD-PEG-biotin in a
polymersome with shorter PEG blocks. In the latter case, the difference in the chain length between
the two polymers leads biotin to be presented only beyond the periphery of the polymersome. (c) The 
dependence of critical tension (mN/m) vs the percentage of PBD-PEG-biotin polymers. For situation 
‘B’, the critical tension increased as the percentage of functionalized polymer increased to a 
maximum, after which the adhesiveness decreased again with increasing biotin concentration. In case 
‘A’, the critical tension increased as the percentage of functionalized polymer increased, shown as the 
dashed line. The adhesion strength for longer biotinylated PEG chains in a short system was above 
that of equal length chains at all concentrations. (Reproduced from ref.94)
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enable the in vivo tracking of labeled DCs in small animals by NIR fluorescence based 
imaging, since this type of fluorescence can still be perceived up to a centimeter tissue 
depth, and shows low photobleaching.
Another imaging strategy is the enhancement of magnetic resonance signals with the 
help of a contrast agent. One effective contrast agent is chelated gadolinium, due to fast 
exchange rates between bound water molecules and surrounding bulk water. The need to 
interact with bulk water has hampered its use in liposomal carriers, since these are only 
sparsely permeable. This limitation was overcome by the group of Tsourkas who, instead of 
liposomes, used porous polymersomes of PBD-PEG and a phospholipid, 1-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphocholine (POPC).39 The block copolymer was cross-linked, 
after which the POPC was extracted with surfactant, generating a highly porous membrane 
for increased water permeability. To prevent leakage of Gd chelates, they were attached to 
dendrimers, which greatly increased their steric bulk. From magnetic resonance contrast 
studies, the vesicles were estimated to be a factor 105 more efficient as contrast agents than 
non-encapsulated Gd chelates.39
Ahmed et al.91 demonstrated the efficacy of passive targeting combined with release 
using polycaprolactone-fc/oc^-PEG (PCL-PEG) vesicles. Polymersomes were systemically 
injected in mice, and were found to accumulate in tumorous tissue, presumably as a result 
of passive extravasation. The accumulation, followed by the expected degradation of the 
polymersomes, led to the passively targeted release of an anticancer cocktail of a 
hydrophilic drug loaded in the lumen (doxorubicin) and a hydrophobic drug loaded in the 
polymeric membrane (paclitaxel). A single injection of the encapsulated cocktail showed a 
higher maximum tolerated dose along with a two-fold higher cell death in the tumors when 
compared to the free drugs, effectively shrinking the tumors by 50%91 These results are 
very promising for the future development of biodegradable polymersomes as vehicles for 
passive delivery of pharmaceuticals.
Active targeting, as with the surface conjugated tat peptide described above, may seem to 
be more laborious than passive targeting, but does also enable strategies that cannot 
otherwise be achieved - mainly because passive targeting cannot be tweaked. Kim et al.9293 
produced a small mannose-terminated amphiphile that could assemble into vesicles. These 
mannose-covered polymersomes showed a specific binding ability to the type 1 pili of the 
ORN 178 E. coli strain. Type 1 pili are mannose-binding proteinaceous fibers that protrude 
from the surface of many Gram-negative bacterial cells. This is an example of 
polymersomes where the constituent polymer provides the aggregate with active targeting 
behavior.
As described in detail above, polymersomes labeled with polyG through streptavidin- 
biotin chemistry were successfully internalized by macrophages via their SRA7 receptor 
protein.60 Transgenic expression of this SRA7 receptor in COS7 cells led to successful 
receptor-mediated internalization of the polymersomes in those cells as well.
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Figure 12. Critical tension measurements 
of an anti-ICAM-1-coated polymersome to 
an ICAM-1-coated polystyrene 
microsphere. (a) The critical tension 
required to break all the anti-ICAM-1 and 
ICAM-1 bonds formed between a 
polymersome and a microsphere scales 
proportional to the surface density of anti- 
ICAM-1. The closed circles are anti- 
ICAM-1-coated polymersomes using 55 
mol % PBD125-PEG8o-biotin in PBD46- 
PEG26 as the underlying membrane. (b) 
Representative sequence of the critical 
tension experiment. The anti-ICAM-1- 
coated polymersome was first allowed to 
adhere to an ICAM-1-coated microsphere. 
The micropipette on the left-hand side 
statically held the microsphere, while the 
one on the right-hand side came in to just 
touch the polymersome. As the suction 
pressure on the polymersome increased, the 
contact distance between the polymersome 
and the microsphere decreased. The scale 
bar is 10 #m. (Reproduced from ref.95)
The labeling of polymersomes using the avidin-biotin couple was also applied by Lin et 
al.,94 who investigated the binding strength between avidin-coated polystyrene beads and 
biotinylated polymersomes. PBD-PEG-biotin was mixed with nonfunctional PBD-PEG at 
different ratios and using block copolymers of different block lengths. The polymersomes 
were then brought into contact with the PS beads using micropipette manipulation, and 
subsequently drawn apart. Interestingly, it was found that the presentation of biotin was 
most effective when it was conjugated to a longer PEG-chain and not overabundantly 
present, as though it were floating freely above the bulk of the polymersome membrane, 
tethered by its own PEG chain (Figure 11).
This system was expanded by coating the polymersomes with an antibody, anti- 
ICAM-1.95 These were ‘stuck to’ ICAM-1-coated polystyrene microspheres. The two 
spheres were subsequently drawn apart via micropipette manipulation. It was found that the 
adhesion strength was linearly related to the surface density of the antibody (Figure 12). 
This result contrasts with the adhesion between biotinylated polymersomes and avidin- 
coated microspheres described above, which had an optimal tethered biotin surface density 
of 55%.94
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An increase in complexity was achieved by combining this antibody-covering of 
polymersomes with co-conjugation of sLex, a selectin ligand (Figure 13).96 sLex can 
undergo a relatively weak binding interaction with selectin, a mechanism employed by 
leukocytes to slowly roll over vascular walls, removing them from the free bloodstream. 
Bonds between selectin and its ligand continuously break and reform during this rolling. In 
immune systems, leukocytes are subsequently immobilized by the much stronger binding of 
integrin with its ligands at sites where they are required. In this synthetic system the role of 
integrin was mimicked by the antibody against ICAM-1. Using a flow chamber with a 
selectin-covered surface, it was shown that these polymersomes indeed roll at speeds 
typical for rolling leukocytes, i.e. 20 ^m  s-1. When the surface was covered with both 
selectin and ICAM-1, the combined binding forces significantly slowed down the rolling 
speeds of the polymersomes, even causing long pauses in their movement. Variations in the 
surface-density or ratio of the ligands accordingly led to variations in relative movement 
speeds. The leukocyte-like rolling behavior of these biohybrid aggregates has earned them 
the moniker ‘leuko-polymersomes’.96
The brain delivery of peptides by antibody-covered polymersomes was studied by Pang 
et al.,45 who used thiols present in the monoclonal antibody OX26 to decorate a PCL-PEG 
polymersome with maleimide functions on its surface. OX26 is an antibody against the 
transferrin receptor which can initiate the endogenous receptor-mediated transcytosis of a 
particle across the blood brain barrier. It was shown that coupling of OX26 to a 
polymersome enabled the polymersome to indeed pass the blood brain barrier and thus 
become a viable carrier for the delivery of pharmaceuticals to the brain. Since the 
constituent building blocks of the carrier are based on a polyester and PEG, they are 
biodegradable, so the polymersomes should degrade in time to release their contents.45
We have thus far encountered methods for imaging the polymersomes, and for 
specifically targeting them. Both these techniques are most optimally exploited when the 
polymersome has a payload to deliver at its targeted locale, such as for instance the OX26- 
covered polymersomes. We have already seen a variety of biodegradable polymersomes 
that can deliver their cargo via passive degradation of the polymeric membrane.43 97-100 
Another much applied method makes use of stimulus-responsive block copolymers in the 
delivery vesicles.43101-105 For example, this technique can take advantage of two 
characteristics of cancerous tissue: first, its poorly built vascular walls are susceptible to 
passive extravasation, allowing for accumulation of the responsive polymersomes. Second, 
the local pH is almost always lower inside tumors, possibly triggering the destabilization of 
these types of polymersomes.
pH-induced destabilization may also be desired in DNA transfection.106-108 Lomas and 
coworkers have used the pH-sensitive poly(2-(methacryloyloxy)ethyl-phosphorylcholine)- 
co-poly(2-(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) diblock copolymer to 
encapsulate DNA at neutral pH. These DNA-loaded polymersomes have stealth-like
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properties, since PMPC has similar biocompatibility characteristics as PEG does. This 
stealth character was expected to produce relatively long circulation times. When the 
solution pH was lowered, the formation of polymer-DNA complexes occurred, in which the 
nucleic acid was protected from the acidic environment by the block copolymer. When this 
transition was confined within a semi-permeable organelle membrane, the concurrent 
increase in osmotic pressure was found to rupture the lipid membrane, allowing the DNA to 
escape into the cell cytosol. The use of PMPC-PDPA polymersomes to transfect a gene 
coding for GFP to various cell types has been reported to be successful.107108
A second platform for intracellular delivery of cargo by polymersomes was presented by 
Cerritelli et al.,109 who coupled a PEG block to poly(propylene sulfide) (PPS) via a disulfide 
bond. Like other polymersomes, the aggregates obtained from this PPS-PEG polymer 
protected their contents. When taken up by endocytosis, they burst within the early 
endosome since the intracellular concentration of cysteine was sufficient to break the 
disulfide bridge. This caused the polymersomes to collapse and release their payload before 
entering the harsh conditions of the lysosome, ensuring that the cargo evades this fate. In 
cellular experiments, polymersome uptake, disruption, and the release of cargo upon 
polymersome degradation were observed within 10 min of exposure to cells. A payload of 
calcein was used to demonstrate the functionality of these polymersomes.109
A reusable form of delivery makes use of biodegradable and biocompatible 
polymersomes as oxygen carriers through the encapsulation of hemoglobin.46110 The group 
of Palmer used PCL-PEG or poly(lactic acid)-block-PEG (PLA-PEG) based polymersomes 
to encapsulate either bovine or human hemoglobin (Hb), producing polymersome- 
encapsulated hemoglobin (PEH). The aggregate size distribution and Hb encapsulation 
efficiency were tunable by varying either the initial Hb concentration or the concentration 
of block copolymers. The oxygen affinity of the complex was found to be slightly lower 
than that of red blood cells, and PEHs were slower to saturate with O2 . This may be due to 
the increased membrane thickness of polymersomes compared to biological membranes. 
Nonetheless, these parameters were consistent with those required for efficient oxygen 
delivery in the systemic circulation and the polymersomes show promise as therapeutic 
oxygen carriers for biomedical applications.110
2.4. Outlook
Polymersomes may be viewed as a more stable alternative to liposomes, which have a 
well-established line of applications. The high stability and low fluidity of their membranes 
warrants analogies of polymersomes with capsids as stable as those of viruses,88 providing 
ample motivation for scientists to bring together all the separate goals reached thus far: 
there are examples of active,40 even antibody-mediated45 targeting methods, and there are 
several different conditions that can cause the release of any type of cargo.91109 The in vivo
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behavior of PEG-covered polymersomes has been studied,87 and the combination of 
antibodies with other targeting peptides was demonstrated to be effective.96 It may be only 
a matter of time until a fully fledged drug delivery vehicle based on polymersomes is 
reported.
When used as reactor vessels, polymersomes have transcended the stage where they 
merely provide a shell around a given catalyst. Substrate-specific gateways, in the form of 
membrane proteins reconstituted in polymersome membranes, have been used to mimic 
biosynthetic pathways.48 Also, the advantage of a polymersomal membrane as protection 
against proteases84 or harsh environments76 has been proven. Intricate control over enzyme 
positioning is possible, and this may positively influence the rate of some enzymes.78 
Nonfunctional polymersomes can even be weeded out of a population to guarantee a 
dispersion of only active nanoreactors.83 Nowadays, all of these principles have been 
proven; but the wait is still on for the first synthetically or biologically relevant application 
of polymersome nanoreactors. Given the curiosity and determination of the average 
scientist, though, it will probably not take long for reports like this to seep in.
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3. A Block Copolymer for Functionalisation 
of Polymersome Surfaces
I An enzyme is immobilised on a polymer-some surface and showscatalytic activity. This bioconjugation demonstrates the availability of acetylenes, introduced on the vesicle’s surface via an admixed functional block copolymer. This ‘anchor’ can provide functionality on polymersome membranes that can otherwise not be derivatised.
A block copolymer was designed to functionalise the surface of polystyrene- 
based polymersomes via coaggregation. An a,w-diacetylene-functionalised 
poly(ethylene glycol) was coupled to an azide-terminated polystyrene via a 
Cu(I)-catalysed cycloaddition to produce a PS-&-PEG polymer with an 
acetylene at its hydrophilic extremity. Incorporation of this ‘anchor’ 
compound in the bilayer of a polymersome placed its bio-orthogonal group 
at the surface of this aggregate. Its accessibility was demonstrated by 
reacting it with an azido-functionalised C andida  an tarctica  Lipase B 
(CalB), which retained its activity while immobilised on the polymersome.
Stijn F. M. van Dongen, Madhavan Nallani, Sanne Schoffelen, Jeroen J. L. M. Cornelissen,
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3.1 Introduction
Polymersomes are spherical vesicles with a bilayer architecture formed by the self­
assembly of amphiphilic block copolymers in an aqueous environment.[1] Their architecture 
resembles that of liposomes, vesicles made from naturally occurring phospholipids. 
However, the polymeric bilayer shows greater stability, mainly due to the lower critical 
aggregation concentrations of amphiphilic block copolymers.[2] Another advantage is the 
chemical versatility in the synthesis of the block copolymers, which makes it possible to 
tune the characteristics of polymersomes.[2-4]
Several types of polymersomes and their applications in drug delivery, cell-tracking or as 
nanoreactors have been reported.[5-9] In many of these applications the surface exposure of 
specific molecules either played an important role, or would have been a desirable property. 
For example, Lin et al. used tresylation of the hydroxy-terminus of polybutadiene-poly 
(ethylene glycol) (PBD-fc-PEG) to biotinylate the surface of a vesicle for indirect coupling 
of an antibody after vesicle formation.[10] Biotin’s high affinity for streptavidin also played 
a key role in the work of Broz et al., who linked a biotinylated targeting ligand to a 
biotinylated triblock copolymer-based vesicle, preparing it for receptor-mediated 
internalisation in macrophages.[11] In a similar vein, Christian et al. pre-functionalised PBD- 
fc-PEG-OH with succinimidyl carbonate, which led to the introduction of active esters at the 
polymer chain end. The cell-penetrating peptide tat was conjugated to this block copolymer 
and blended with non-derivatised PBD-fc-PEG. This mixture of block polymers was then 
used for polymersome formation.^ These polymersomes with tat on their surfaces were 
actively targeted to the endocytic compartments of dendritic cells.
We have recently introduced polymersomes as nanoreactors for multistep synthesis. It 
was possible to selectively position the enzymes glucose oxidase (GOx) and horse radish 
peroxidase (HRP) in either the water pool or the membrane[8] of semiporous polymersomes 
consisting of polystyrene4o-fc/oc^-poly[L-isocyanoalanine(2-thiophen-3-yl-ethyl)amide]5o 
(PS-PIAT)J9’12] As a third enzyme Candida antarctica lipase B (CalB) was dissolved in the 
bulk solution, enabling a three-step reaction sequence to take place. This third enzyme was 
not tethered to the polymersome itself, because the structure of PS-PIAT makes it difficult 
to custom-functionalise the surface of the vesicles it forms. Conjugation to the surface 
would be desirable, for example to recover all catalytic entities from the solution by 
filtration of the large polymersomes.
The direct conjugation of entire proteins to well-defined block copolymers has been 
shown before, by e.g. Reynhout et al., who synthesised PEG-fc-PS polymers that were 
functionalised with a heme-like cofactor.[13] Reconstitution of this cofactor with the 
apoenzyme apo-HRP yielded a biohybrid triblock copolymer. While these biohybrid 
polymers did aggregate into vesicles, amongst other interesting architectures, the HRP- 
analogue was not catalytically active. In the work of Opsteen et al. the conjugation of
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I  Schem e 1. Synthesis of functional block copolymer 3: (i) EDC (5 equiv.), 4-pentynoic acid (6.5 equiv.), DMAP (catalytic), CH2CI2 , RT, 14 h, 84%; (ii) NaN3 (19 equiv.), DMF, RT, 12 h, 90%; (iii) CuBr (1 equiv.), PMDETA (1 equiv.), CH2CU N2 atmosphere, RT, 70
h, 89%.
fluorescent proteins to an azide-functionalised polymersome surface was shown.[14] 
Although PS-PAA and PS-PEG have as obvious advantage that their hydrophilic termini 
can be conveniently transformed into functional groups, as shown in the previous two 
examples,[1314] their application as nanoreactors is hampered, since the polymersomes that 
are fully constituted of these block copolymers are not permeable for most organic 
substrates. In order to develop a polymersome that combines both desired aspects, namely 
porosity and ease of surface functionalisation, we designed a specific block copolymer that 
can be easily incorporated in a PS-PIAT bilayer via coaggregation during vesicle formation, 
following the strategy presented for liposomes by Reulen et al.[15]
Here, we report polymersomes with hybrid membranes, composed of PS-PIAT and PS- 
PEG block copolymers with functional handles. In order to present a bio-orthogonal 
reactive group of high selectivity at the surface, we introduced acetylene moieties at the end 
of a so-called ‘anchor’, a strategy that has been used for liposomes by Cavalli et al.[16] and 
for polymersomes by Li et al.[17] For coaggregation with the block copolymer PS4 0-PIAT50 
during vesicle formation, the hydrophobic block of this anchor was chosen as PS4 0 , with 
PEG68 as a hydrophilic block, the length of which is long enough to bridge most 
hydrophilic layers of conventional polymersome membranes.
Their functionality was demonstrated by conjugation of azido-functionalised CalB[18] to 
the surface of PS-PIAT polymersomes with 10 wt.-% of the PS-PEG anchor embedded in 
their bilayers. The enzyme was shown to retain catalytic activity when immobilised on the 
vesicle surface.
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3.2 Results and Discussion
In order to be able to functionalise the surfaces of PS-PIAT polymersomes, we designed the 
generic PS-b-PEG- acetylene diblock copolymer 3, which is shown in Scheme 1. The 
amphiphilic block copolymer PS-PEG is known to form stable vesicles for certain block 
ratios; the ratio of block copolymer 3 however was chosen in such a way that it was not 
able to yield polymersomes on its own.[19] It has been demonstrated that the PEG chain end 
can be conveniently functionalised.[20] Furthermore, the presence of the alkyne moiety 
allows selective and specific coupling with azides via the Cu(I)-catalysed [3+2] Huisgen 
cycloaddition, colloquially known as ‘clicking’.[21-24] This method has found widespread 
use in the field of protein conjugation due to its general bio-orthogonality and efficiency in 
aqueous media.[1423-26] A schematic representation of our strategy is shown in Figure 1. In 
our approach, 3 is admixed with PS-PIAT, and is intended to coaggregate during vesicle 
formation. When embedded in the membrane, its acetylene moiety should be exposed to the 
aqueous solution to enable conjugation via click chemistry.
To synthesise 3, the path shown in Scheme 1 was followed, where atom transfer radical 
polymerisation[27] (ATRP) was used to produce PS4 0 , which was subsequently 
functionalised with an azide by substitution of its %-bromide with NaN3 , leading to 2.[20 23­
262829] The PEG block was functionalised at both termini via an EDC-mediated 
esterification with 4-pentynoic acid, producing the a , %-acetylene bearing polymer 1. A 
Huisgen cycloaddition between 1 and 2, using a large excess of 1 to avoid triblock 
formation, led to the desired diblock copolymer 3. Inadvertently formed triblock was 
removed by precipitation of 3 in Et2O, since the additional polystyrene block sufficiently 
solubilised PS-PEG-PS to avoid its precipitation along with 3.
I  Figure 1. In our strategy, a percentage of acetylene-functionalised block copolymer is blended with regular vesicle forming polymers. The resulting polymersomes can then be functionalised at their surfaces using the Cu(I)-catalysed [3 + 2] bipolar Huisgen cycloaddition.
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I  Figure 2. Transmission electron microscopy (TEM) micrographs of polymersomes with or without 3. The scale bars represent 500 nm. (A) PS-PIAT with 10 wt.-% 3; (B) PS- PIAT with 10 wt.-% 3 and azido-functional CalB clicked on its surface; (C) PS-PEG; (D) PS-PEG with 10 wt.-% 3.
I Figure 3. PS-PIAT polymersomes containing different weight percentages of anchor 3. The scale bar represents 500 nm; A: 0%; B: 5%; C: 10%; D: 15%; E: 20% 31
To determine whether 3 had an influence on polymersome morphology, a variety of 
weight percentages of the functional block copolymer were blended with PS-PIAT, and 
these mixtures were dissolved in THF (0.5 mg, 1 gL -1). After injection in ultrapure water 
(2.5 mL) the samples were left to self-assemble for 60 h. Mixtures containing up to 20 wt.- 
% 3 were found to still form spherical polymersomes. The versatility of anchor 3 was 
indicated by similar tests performed with PS-PEG vesicles. For all anchor-containing 
polymersomes, the most uniform size distribution was obtained when 10 wt.-% of 3 was 
used (Figure 3). In this case, vesicle sizes ranging from 60 to 130 nm were measured, with 
an average diameter of approximately 100 nm, as can be seen in Figures 2 and 3.
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Figure 4. Wt.-% of acetylenic block copolymer 3 recovered from a mixture versus wt.-% 
actually admixed in polymer blend, as determined by gel permeation chromatography 
(GPC).
To investigate the incorporation of anchor 3 into these vesicles, polymersome dispersions 
were lyophilised, the remaining polymers were dissolved in THF (0.5 mL) and 
subsequently analysed using gel permeation chromatography (GPC). Two peaks were 
observed: a major one corresponding to PS-PIAT (RT = 8.30 min) and a smaller one at the 
elution time of 3 (RT = 7.94 min), indicating that 3 was indeed present in the 
polymersomes. To determine the degree of incorporation, a calibration curve was made (see 
Figure 4), using anchor (3)/PS-PIAT mixtures with the weight percentages of 3 ranging 
from 1 wt.-% to 10 wt.-%. These mixtures were analysed by gel permeation 
chromatography (GPC) in THF. The ratios between the peak intensities of the peaks 
representing PS-PIAT and those representing (3) were plotted against the wt.-% of (3) 
actually incorporated in the sample. A linear fit produced formula 1, which relates the ratio 
of peak intensity (x) to the actual wt.-% (y). Repeated measurements of PS-PIAT 
polymersomes containing a theoretical 10.0 wt.-% of anchor were found to have 8.5 wt.-% 
of 3 embedded in their membranes, indicating an incorporation efficiency of 85%.
(1) y = 0.9135 • x
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I  Figure 5. Activity of azido-functional CalB conjugated to a polymersome surface (solid dots) compared to a blank where 3 was not embedded in the polymersomes (hollow dots). The chemical structure shows the substrate DiFMU octanoate.
To assay the availability of the acetylene termini present on the polymersome surface, 
functionalised vesicles were treated with Cu(II)SÜ4, sodium ascorbate and 
bathophenanthroline ligand in the presence of MeO-PEG45-N3 . Both PS238-PEG17 and PS- 
PIAT vesicles containing 10 wt.-% of 3 were reacted in this way, and were subsequently 
washed, lyophilised and redissolved in THF. In both cases, GPC analysis of the resulting 
solutions showed a new peak at a retention time corresponding to an Mn of 8.31 kgmol-1, 
which is the estimated Mn of anchor 3 with a coupled PEG45 chain. This indicates that the 
anchor is not only incorporated in PS-PIAT membranes and PS-PEG bilayers, but also that 
its reactive moiety is accessible in both these systems.
To demonstrate the utility of anchor 3, we immobilised the model enzyme CalB, which is 
widely used in organic synthesis.[3031] The CalB used was functionalised by replacing its 
methionine residues with the non-canonical analogue azidohomoalanine during expression. 
Since four of the five resulting azides are buried inside the protein, the resulting CalB was 
site-specifically reacted at the only solvent-accessible azide using Cu(I)-catalysed click 
chemistry.[18]
PS-PIAT polymersomes containing the acetylene anchor were incubated with azido- 
functionalised CalB (2 equivalents, relative to 3) for 65 h at 4°C in the presence of Cu(II) 
SO4, ascorbate and ligand. The vesicles were then washed until no CalB activity could be 
detected in the flow-through, according to a DiFMU octanoate assay.[8] The polymersomes 
in the supernatant were resuspended in ultrapure water and then also assayed for CalB 
activity. As can be seen in Figure 5, polymersomes with CalB clicked to their surfaces 
indeed showed enzymatic activity, whereas control experiments, where either the anchor or 
the Cu(I)-catalyst were omitted, did not. The vesicle morphology did not change 
significantly upon enzyme conjugation, as can be seen in Figure 2.
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To our knowledge, this is the first example of the immobilisation of a catalytically active 
enzyme on the surface of a polymersome. As was demonstrated by our washing procedure, 
these decorated polymersomes can be fully removed from an aqueous sample, which 
enables catalyst recovery. Furthermore, anchor 3 establishes itself as a convenient way to 
introduce functionality on otherwise unmodifiable surfaces. This trait does not limit itself to 
enzyme immobilisation: it may find applications in polymersome labelling using dyes, 
biological signalling molecules or even immobilisation of polymersomes on larger surfaces.
3.3 Conclusion
We synthesised a PS-PEG block copolymer which terminates with an acetylene moiety at 
its hydrophilic end. This so-called anchor can coaggregate with different types of other 
block copolymers (i.e. PS-PIAT or PS-PEG) during the formation of polymersomes, as 
proven by GPC analysis of redissolved vesicles. The acetylene group thus presented at the 
surface of the polymersome is an accessible functional handle for (bio-)conjugation of 
azido-compounds. To prove this, the anchor was incorporated in porous PS-PIAT 
polymersomes, the surfaces of which cannot normally be functionalised. Conjugation of 
azido-CalB to the resulting vesicles produced biohybrid polymersomes that indeed showed 
enzymatic activity, as shown by DiFMU assays. This anchor introduces the polymersome 
surface as a locale for enzyme immobilisation, complementary to the polymersome lumen 
and bilayer.[8]
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3.4 Supporting Information
Reagents
CuBr (Aldrich, 99.999%), N, N, N’, N”, N”-pentamethyldiethylenetriamine (PMDETA) (Sigma-Aldrich, 99%), 
tert-butyl-2-bromo-isobutyrate (Fluka, 99%), Anisole (Acros, 99%), deuterated chloroform (CDCl3) (Aldrich, 
99.8%), NaN3 (Acros, 99%), 4-dimethylaminopyridine (DMAP) (Acros, 99%), PEG68 (Fluka), 4-pentynoic acid 
(Acros, 98%), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) (Acros, 98+%), CuSO4
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(Merck), sodium ascorbate (Fluka, >99%), 4,7-diphenyl-1,10-bathophenanthroline disulfonic acid disodium salt
(ligand) (Sigma-Aldrich), 6,8-difluoro-7-hydroxy-4-methylcoumarin octanoate (DiFMU octanoate) (Invitrogen), 
dimethyl sulfoxide (DMSO) (99.9%, Acros), 2, 4-dihydroxybenzoic acid (98+%, Fluka) and anhydrous sodium 
sulphate (Fluka, 99%) were all used as received. Methanol (MeOH), toluene, 1, 4-dioxane, dimethylformamide 
(DMF), and diethyl ether (Et2O) were of technical grade (Baker) and used as received. Styrene (Aldrich) was 
distilled before use. Tetrahydrofuran (THF) (Acros, 99+%) was distilled from sodium and benzophenone and 
CH2Cl2 (Baker) was distilled from calcium hydride prior to use. Ultrapure water was purified using a WaterPro PS 
polisher (Labconco, Kansas City, MO) set to 18.2 M '/cm . PS40-PIAT50 and PS238-PEG17 were purchased from 
Encapson B.V. (Nijmegen, The Netherlands). Azido-PEG45-OMe was kindly provided by Joost Opsteen.[20] Azido- 
functionalized CalB was prepared as described elsewhere.[18]
Instrumentation
1H NMR spectra were recorded on a Varian inova400 instrument at room temperature. 13C NMR spectra were 
recorded on a Bruker DPX300 instrument at room temperature. Infrared spectra were measured on an ATI Matson 
Genesis Series FTIR spectrophotometer fitted with an ATR cell. Molecular weight distributions were measured 
using gel permeation chromatography (GPC) on a system equipped with a guard column and a PL gel 5 #m mixed 
D column (Polymer Laboratories) with differential refractive index and UV (" = 254 nm and " = 345 nm) 
detection, using THF as an eluent at 1 mL/min and T = 35°C. Transmission electron microscopy (TEM) images 
were obtained using a JEOL JEM 1010 microscope (60 kV) equipped with a CCD camera. Samples were prepared 
by placing 4 ^L  of a solution on a carbon coated copper grid, followed by evaporation of the water at room 
temperature. GCMS chromatography was performed using a Thermo Finnigan PolarisQ chromatograph / 
spectrometer equipped with a VF1701MS 30m 0.25mm, DF 0.25 #m column. MALDI-TOF mass spectra were 
measured on a Bruker Biflex III spectrometer and samples were dissolved in ultrapure water (final concentration 
10 mg/mL) and mixed in a 4:1 ratio with 2, 4-dihydroxybenzoic acid in THF (final concentration 20 mg/mL) after 
which they were spotted on a MALDI-plate and dried in vacuo.
Synthesis of a, w-diacetylene PEG68 (1)
Telechelic hydroxy functional PEG68 (1.06 g, 0.35 mmol), 4-
pentynoic acid (445 mg, 4.54 mmol, 6.5 equiv), EDC (590 mg,
and poured in Et2O (200 mL). The precipitate was filtered off, redissolved in minimal CH2Cl2 and precipitated in 
Et2O (200 mL) once more. The precipitate was filtered off and dried under vacuum, providing the desired 
compound as a clear white powder (938 mg, 0.29 mmol, 84%).
GPC: Mn = 3.02 kg ■ mol-1, PDI = 1.07
MS (MALDI-TOF): m/z = 3196.58 (M + Na+ for n = 68, calcd.: 3196.84)
1H NMR (400 MHz, CDCh): 6 = 1.99 (t, CCH), 2.51 (m, CH2CCH), 2.59 (m, CO-CH2CH2), 3.4-3.9 (b, PEG 
chain), 4.26 (m, CH2CH2-O-CO).
Synthesis of Polystyrene-azide (2)
Azide-terminated polystyrene was synthesised using conventional ATRP
3.80 mmol, 5.4 equiv) and DMAP (catalytic amount) were 
dissolved in CH2Cl2 (10 mL) and stirred for 14 hrs at room 
temperature. The mixture was then concentrated under vacuum
techniques. Thus, tert-butyl a-bromoisobutyrate (186 #L, 1 mmol), CuBr (143.9 
mg, 1 mmol, 1 equiv), PMDETA, (210 #L, 1 mmol), and styrene (7640 #L, 66.66 
mmol, 66.66 equiv) were dissolved in anisole (360 #L) and heated under nitrogen 
to 110 °C until 60% of the styrene had been converted according to GCMS 
analysis. The mixture was then cooled and repeatedly precipitated from minimal 
toluene in MeOH (300 mL) until a clear white powder was obtained by filtration. 
This product was subsequently dissolved in DMF (50 mL) containing NaN3 (1242
40
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mg, 19 mmol) and stirred at room temperature for 12 hrs. Repeated precipitation of the mixture in MeOH (200 
mL), followed by filtration, yielded PS40-N3 as a white powder (final step: 91%; overall: 89%).
GPC: Mn = 3.57 kg ■ mol-1, Mn, theoretical = 3.84 kg ■ mol-1, PDI = 1.14.
FTIR-ATR: 3028, 2915, 2363, 2103 (v N3), 1714, 1597, 1489, 1464, 1066, 1018, 754, 698 cm-1.
1H NMR (400 MHz, CDCb): 6 = 0.9 (b, CO-C(CH3)iCHi), 1.2-2.3 (b, aliphatic backbone and C(CH3)3-O), 3.95 
(b, CH2CH(Ph)-N3), 6.3-7.3 (b, aromatics PS)
Synthesis of PS-b-PEG-acetylene (3)
Using standard Schlenk techniques, 2 (48 mg, 0.012 mmol), 1 (208 mg, 0.069 mmol, 6 equiv), CuBr (1.7 mg, 1 
mmol, 1 equiv) and PMDETA (2.5 #L , 1 mmol, 1 equiv) were dissolved in degassed CH2O2 (30mL) and stirred 
under N2 for 70 hrs. The solution was then concentrated in vacuo and unreacted 2 was removed by precipitation of 
the product in Et2O. Unreacted 1 was removed by precipitation of the product in ice-cooled H2O. The oily 
precipitate was dissolved in 1,4-dioxane (25 mL) and lyophilisation of this solution yielded the title compound as a 
fluffy white powder (75.0 mg, 89%).
GPC: Mn = 6.78 kg ■ mol-1, PDI = 1.13.
1H NMR (400 MHz, CDCh): 6 = 0.9 (b, CO-C(CH3)2CH2), 1.2-2.3 (b, aliphatic PS backbone and C(CH3)3-O and 
CH2CCH), 2.51 (m, CH2CCH), 2.59 (m, CO-CH2CH2), 3.4-3.9 (b, PEG chain), 4.27 (m, CH2CH2-O-CO), 5.01 (b, 
CH2CH(Ph)-triazole), 6.3-7.3 (b, aromatics PS)
13C NMR (76 MHz, CDCh): 6 = 172.5, 145.2-144.7 (ipso aromatic PS), 128.3, 127.8-126.8 (ortho/meta aromatic 
PS), 126.0, 125.5-124.9 (para aromatic PS), 85.0, 82.0, 70.1-69.4 (PEG chain), 69.2, 65.4, 63.4, 40.5-39.4 
(aliphatic PS), 32.8, 29.8, 27.3, 20.4, 14.8, 13.9
Determination of Incorporation of 3 During Polymersome Formation
A series of PS-PIAT / 3 mixtures in THF (30 #L, 1gL-1) with weight percentages of 3 ranging from 1 wt.-% to 10 
wt.-%, in steps of 1.0 wt.-% was prepared. These mixtures were analysed by GPC in THF (see Figure 4 for 
details). All measurements were corrected using a 0 wt.-% sample and standardised to a 10 wt.-% sample. To 
determine the percentage of (3) in polymersomes, a dispersion of vesicles in ultrapure water (0.5 mL) was 
lyophilised and redissolved in THF (0.5 mL) prior to GPC analysis. PS-PIAT polymersomes with 10 wt.-% of (3) 
were found to retain 8.49 wt.-% of the functional polymer, using formula 1.
General Procedure for Polymersome Formation
A solution of either PS-PEG or PS-PIAT admixed with the appropriate wt.-% of 3 in THF (0.5 mL, 1.0 g L-1) was 
gently injected into ultrapure water (2.5 mL). After equilibration for 40 h the suspension was transferred to an 
Amicon Ultra Free-MC centrifugal filter with a 100 nm cutoff and centrifuged to dryness. The polymersomes were 
redispersed in ultrapure water (600 ^L) and centrifuged again. This step was repeated six times. The resulting 
vesicles were redispersed in ultrapure water (1 mL).
Typical ‘Click’ Reaction on Polymersome Surface
To a dispersion of polymersomes in ultrapure water (200 ^ L) an aqueous solution of azido-functionalised CalB (33 
^L, 75-10-6 M, 2 equivalents relative to 3) was added. Aqueous solutions of Cu(II)SO4 ■ 5 H2O with sodium 
ascorbate (10-10-3m each, 33 ^L) and bathophenanthroline ligand (10-10-3m, 33 ^L) were pre-mixed and then 
added to the dispersion, which was left at 4°C for 60 h. The mixture was then transferred to an Amicon UltraFree- 
MC centrifugal filter with a 100 nm cutoff and centrifuged to dryness. The polymersomes were redispersed in 
ultrapure water (600 ^ L) and centrifuged again. This step was repeated until no CalB activity could be detected in 
the filtrate. The resulting biohybrid was redispersed in ultrapure water (200 ^ L).
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Activity Assay for CalB
A stock solution of DiFMU octanoate in DMSO (110-3M) was prepared and stored at -18 °C. In a single well of a 
96-well micro titer plate a dispersion of polymersomes (98 ^L) or an aliquot of control solution (98 ^L) was 
placed. To this, DiFMU octanoate stock solution (2 ^L, final concentration 2010-6M) was added, and monitoring 
of fluorescence emission of the hydrolysis product at 460 nm ("ex = 355 nm) was started immediately after mixing.
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4. Single-step azide introduction in proteins 
via an aqueous diazo transfer
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Protein Azido-Protein
The controlled introduction of azides in proteins provides targetable 
handles for selective protein manipulation. We here present an 
efficient diazo transfer protocol that can be applied in an aqueous 
solution, leading to the facile introduction of azides in the side chains 
of lysine residues and at the N-terminus of proteins, such as the 
enzyme Horse Radish Peroxidase (HRP) and the red fluorescent 
protein DsRed. The effective introduction of azides was verified by 
mass spectrometry, after which the azido-proteins were used in Cu(I)- 
catalyzed [3+2] cycloaddition reactions. Azido-HRP retained its 
catalytic activity after conjugation of a small molecule. This modified 
protein could also be successfully immobilized on the surface of an 
acetylene-covered polymersome. Azido-DsRed was coupled to an 
acetylene-bearing protein allowing it to act as a fluorescent label, 
demonstrating the wide applicability of the diazo transfer procedure.
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In recent years, with the advent of chemical biology the need to manipulate and modify 
proteins has increased considerably. One of the important limitations in selective chemical 
modification of proteins is the overabundance of functional groups present in these 
biomacromolecules. In order to introduce, site specifically, bioorthogonal reactive groups, 
multiple strategies have been developed. In many cases, the free thiol groups of cysteine 
residues are specifically targeted for conjugation because these functionalities are reactive 
and relatively rarely present in proteins (1-4). Unfortunately, electrophiles that readily react 
with thiols are, to a lesser extent, also susceptible to attack by amines or even alcohols, 
leading to loss of specificity. Furthermore, cysteines are often essential for the structural 
integrity and function of proteins and therefore cannot always be modified.
To overcome these shortcomings some strategies make use of functional groups that do 
not naturally occur and are deliberately introduced, enabling individual targeting of these 
groups without inadvertent cross-linking or other reactions (5-8). An example of this 
approach is the [3+2] transition metal-catalyzed Huisgen cycloaddition between an azide 
and an acetylene function (1, 9-11). Since ‘click’ chemistry has been shown to work well 
for protein modification, efficient methods for the controlled introduction of azides or 
acetylenes into biomolecules have become of great interest (12-14).
Although azido-modified amino acids can be introduced by single site or multisite 
protein engineering replacement strategies (7, 13, 15), the degree of site specificity 
provided by these laborious methods is not always needed. This led us to investigate the 
possibility to apply the relatively mild and facile diazo transfer reaction to amines, in order
to directly introduce azides at the 
lysine positions of proteins. 
Traditionally, however, the diazo 
transfer reaction is carried out on 
small organic molecules in organic 
solvents such as CH2Cl2, with 
trifluoromethanesulfonyl azide 
(TfN3) as reagent and catalyzed by 
Cu(II) (16-18). These conditions 
make this type of reaction 
unsuitable for protein modification. 
Recently, this method was 
improved by Goddard-Borger and 
Stick (19), who introduced 
im idazole-1-sulfonyl azide 
hydrochloride (1, see figure 1) as a 
non-explosive and shelf-stable 
alternative to TfN3. Particularly
Figure 1. Structures of DsRed, Horse Radish Peroxidase 
(HRP) and imidazole-1-sulfonyl azide hydrochloride (1). 
The molecular surfaces of all lysine residues in the 
proteins are shown. The structure of DsRed was derived 
from the PDB file ‘2VAD’ and contains 22 lysine residues. 
The structure of HRP was derived from PDB file ‘7ATJ’ 
and contains 6 lysine residues.
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Figure 2. Mass spectrometry results (ESI-TOF) (a) 
unreacted HRP; (b) azido-HRP; (c) enlargement of 
(b). The mass difference between (a) and (b) is four 
times 26, corresponding to four diazo transfers. A 
closer inspection of (b), as shown in (c), reveals 
that tri- and penta-azido-substituted HRP molecules 
are also present, indicating that azido-HRP is a 
statistical mixture of transfer products.
interesting is the fact that 1 can be applied in protic solvents. We therefore envisaged the 
use of compound 1  to perform the diazo transfer reaction on proteins and enzymes in 
aqueous solution, residue-specifically introducing azido-moieties at their lysine residues or 
N- terminus.
To study the applicability of this relatively simple method, we initially used the enzyme 
Horse Radish Peroxidase (HRP, see figure 1) as a model protein (20 , 27). To functionalize 
HRP, it was dissolved in milliQ (MQ) water (200 ]aL, 2.5 mg/mL) and an aqueous solution 
of K2CO3 (100 ^L , 2 mg/mL) was added, along with 25 of Cu(II)SO4 -5 H2O in MQ (1 
mg/mL). After mixing, transfer agent 1 in MQ was added (1.75 equiv. relative to the amines 
in HRP) and the reaction was left to stir overnight, after which the enzyme was purified 
using centrifugal filter devices. ESI-TOF analysis of the thus treated enzyme showed that 
under the applied experimental conditions, an average of four amines were transformed into 
azides (see figure 2). A small amount of HRP possessed three or five azides (out of a total of 
seven), which implies a statistical mixture of functionalized compounds.
The influence of the diazo transfer treatment and subsequent successful conjugation of a 
small molecule (butynol) on the catalytic activity of HRP was assayed using 2,2’-azinobis 
(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) as substrate, which is converted by HRP 
into the strongly absorbing product ABTS + using H2O2 . A comparison was made with the 
catalytic activity of the untreated enzyme. The results are shown in figure 3. It can be 
concluded that the activity of the enzyme is only slightly reduced by the introduction of the 
azido functions and the subsequent conjugation.
To test whether azido-HRP can be used for bioconjugation studies, experiments were 
performed to link this modified enzyme to the surface of polymersomes (22-24). 
Polymersomes are robust spherical vesicles with an average diameter of ca. 200 nm, 
created via the self-assembly of amphiphilic block copolymers (25, 26). For our
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Figure 3. Catalytic activities of HRP and 
butynol-conjugated azido-HRP. Equal amounts 
of both enzymes were incubated with ABTS 
and H2O2 , and the formation of ABTS+ was 
measured in time. Comparison of the initial 
slopes suggests that the ‘clicked’ HRP has 
retained 75% of its catalytic activity (see 
Materials and Methods, figure 10).
■ Untreated HRP 
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Figure 4. Catalytic activities of polymersomes with 
and without surface-conjugated HRP. The 
polymersomes were incubated with ABTS in the 
presence of H2O2 , and the formation of ABTS + was 
measured in time. After a short initial incubation 
period (i.e. 8 min), azido-HRP-conjugated 
polymersomes produced increasing amounts of 
ABTS + (black dots). Polymersomes with untreated 
HRP did not show any activity (gray dots).
experiments, polymersomes derived from polystyrene4o-£-poly(L-isocyanoalanine(2- 
thiophen-3-yl-ethyl)amide)5o (PS-PIAT) admixed with 10 wt.-% of the ‘anchor’ described 
in chapter 3 (PS4o-poly(ethylene glycol)67-acetylene) were used (24), designed for exterior 
modification via the acetylene moieties presented on their surfaces. The compounds were 
incubated in a phosphate buffer (20 mM, pH 7.4) with azido-HRP and a Cu(I) catalyst for 
60 hours. Then they were washed using centrifugal filter devices until no residual HRP 
activity could be detected in the flow through. To test the resulting aggregates for HRP 
activity, they were incubated with ABTS in the presence of H2O2. The progress curves 
shown in figure 4 indicate that azido-HRP can be successfully immobilized on the 
polymeric surfaces using ‘click’ chemistry. Electron micrographs of these polymersomes 
are shown in figure 5.
To further evaluate the scope of our method, we also investigated the diazo transfer 
reaction on DsRed (see figure 1), an engineered red fluorescent protein from Discosoma 
striata (27). To this end, DsRed was treated with transfer agent 1 in the presence of K2CO3 
and Cu(II)SO4-5H2O in MQ (0.5 equiv. of 1 was used relative to the amines in DsRed).
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Figure 5. TEM and SEM images of polymersomes containing GOx (top row) and of vesicles 
containing GOx that have azido-HRP immobilized on their surfaces (bottom row). GOx is 
encapsulated to produce H2O2 from glucose. The black scale bars represent 1 ^m.
Figure 6. Mass spectrometry results (ESI- 
TOF) for (un)functionalized DsRed; a. 
unreacted DsRed; b. azido-DsRed; The 
broad signal shown in b contains 
approximate masses for mono-, di-, tri- 
and tetra-azido-DsRed, along with a small 
signal for the unfunctionalised protein. 
This statistical mixture of transfer 
products, caused by the 22 lysine residues 
present in DsRed, slightly compromises 
the accuracy of the deconvolution results. 
The symmetry of the signal suggests that 
penta- and higher degrees of azido-DsRed 
are also present.
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Analysis by ESI-TOF revealed that under 
these experimental conditions an average 
of 4 amines were converted to the 
corresponding azides, as shown in figure
6. The fluorescent azido-DsRed was 
subsequently reacted with a biochemically 
engineered elastin-like protein (ELP, MW 
39.8 kDa) fitted with an acetylene moiety 
at its N-terminus (28). The Cu(I) catalyzed 
conjugation successfully labeled the ELP 
with the fluorescent protein marker, as was 
demonstrated by SDS-PAGE analysis 
(figure 7). As an additional demonstration, 
azido-DsRed was ‘clicked’ to propargylic 
poly(ethylene glycol)45 and analyzed in 
the same fashion (figure 7) (29).
In summary, we may conclude that the 
diazo-compound 1 is a robust and facile 
transfer reagent for the introduction of 
azides in proteins. It was demonstrated 
that the catalytic activity of enzymes, such 
as HRP, after the diazo transfer reaction 
and subsequent coupling to a small 
molecule was not substantially reduced. 
This was further verified by the 
immobilization of the azido-HRP on the 
surface of a polymersome, after which the 
catalytic activity of the enzyme was also 
retained. To further demonstrate the versatility of the diazo transfer reaction, the fluorescent 
protein DsRed was equipped with azides and subsequently conjugated to an acetylene- 
bearing elastin-like protein via Cu(I)-catalyzed triazole formation. These examples show 
that the diazo-transfer reaction is a suitable technique for the selective modification of 
proteins under ambient conditions. It should be noted however that the present method may 
not be suitable for proteins containing lysines that are essential to their biological activity.
Figure 7. SDS-PAGE analysis of DsRed 
conjugation reactions. Proteins were visualized 
with Coomassie staining (top) or via fluorescence 
of DsRed (bottom). (1) acetylene-ELP; (2) azido- 
DsRed; (3) PEGylation of azido-DsRed. A signal 
with an increase in mass of ~2 kDa can be seen, 
corresponding to one PEG addition; (4) Reaction 
of azido-DsRed with acetylene-ELP. A signal with 
a mass difference of ~40 kDa can be seen, 
corresponding to ELP-conjugated DsRed.
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MATERIALS AND METHODS
Reagents
Heavy water (D2O, 99.9%) was purchased from Aldrich. CuSO4 (Merck), sodium ascorbate (Fluka, >99%), 
4,7-diphenyl-1,10-bathophenanthroline disulfonic acid disodium salt (ligand) (Sigma-Aldrich), anhydrous sodium 
sulphate (Fluka, 99%), K2CO3 (Fisher), magnesium sulfate dihydrate (Fluka, 99%), NaN3 (Acros, 99%), 
acetonitrile (MeCN)(Baker), Na2CO3 and Na2HPO4 (Merck) imidazole (99%, Fluka), sulfonyl chloride (Acros, 
98.5%), 3-butyn-1-ol (Aldrich, 99%) and 2,2’-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt 
(ABTS) (Fluka, 99%) and all other chemicals were all used as received. Ultrapure water was purified using a 
WaterPro PS polisher (Labconco, Kansas City, MO) set to 18.2 M '/cm.
Horseradish peroxidase (E.C. 1.11.1.7) type VI (HRP) and glucose oxidase (E.C. 1.1.3.4) type X-S from 
Aspergillus niger (GOx) were purchased from Sigma (BioChemika). PS40-PIAT50 2 was purchased from Encapson
B.V. (Nijmegen, The Netherlands). PS40-PEG65-acetylene 3 was prepared as previously described (24). Ligand 4 
was prepared as described elsewhere (14).
DsRed was prepared according to standard microbiological procedures. Elastin-like protein (ELP) was 
prepared under auxotrophic conditions where methionine was replaced by homopropargylglycine for acetylene 
incorporation (28). The ELP construct can be described using the notation ELP[V5L2G3-90], where the capitals 
between the brackets represent the single letter amino acid code replacing guest residue Xaa in the pentapeptide 
ValProGyXaaGly. The subscript stands for the number of guest residues in the monomer gene, and the ELP 
consists of 90 pentapeptide repeats. (MALDI-TOF analysis of ELP calc. 39758; found 39551).
INSTRUMENTATION
1H NMR spectra were recorded on a Varian Inova 400 MHz instrument at 25°C. Infrared spectra were 
measured on an ATI Matson Genesis Series FTIR spectrophotometer fitted with an ATR cell. Transmission 
electron microscopy (TEM) images were obtained using a JEOL JEM 1010 microscope (60 kV) equipped with a 
CCD camera. Scanning electron microscopy (SEM) images were obtained using a JEOL JSM T300 Scanning 
microscope (30kv). Samples were prepared by placing 10 ^L of a solution on a carbon-coated copper grid for 15 
min., after which the liquid was removed. The grid was washed by placing 10 ^L  MQ on it, which was 
subsequently removed, after which the grid was dried in vacuo. For SEM, grids were coated in 1.5 nm Pt/Au using 
a BALZERS sputter machine. UV absorption was measured using a Wallac Multilabel Counter 1420 (Victor 
Wallac). ESI-TOF measurements were performed using an AccuTOF-CS (JEOL) with samples dialyzed towards 
MQ containing 0.5% formic acid. LCQ spectra were obtained using an LCQ advantage max (Thermo Finnigan, 
Thermo scientific). PAGE analysis was performed using standard methodology for 10% crosslinked gels.
Synthesis o f  Im idazo le-1 -su lfony l azide h y d ro c h lo r id e  (1)
O As described by Goddard-Borger et al.,(19) NaN3, 3.26 g (50 mmol), was suspended in
N ice-cooled MeCN (50 mL) and 4.1 mL sulfuryl chloride (50 mmol, 1 eq.) was added
\^ N -H C l dropwise, after which the mixture was stirred vigorously overnight allowing it to warm up 
1 to room temperature. The mixture was recooled to 0 °C, and 6.50 g imidazole (95 mmol,
1.9 eq.) was added in small portions, after which the reaction mixture was stirred over a 
period of 2.5 h allowing the temperature to rise to room temperature. The mixture was diluted with 100 mL 
EtOAc, washed twice with MilliQ water (MQ) and twice with a saturated NaHCO3 solution, and dried over 
MgSO4. Subsequently, 40 mL of HCl in EtOAc (4M) was added to the ice-cooled mixture, which was left to stand 
for 15 min. The resulting precipitate was isolated through filtration and washed with EtOAc (3 X 50mL). This 
produced 7.05 g (67.3%) of colorless (white) needles. LCQ: (Mass - Cl) calc. 174.01, found 173.93. FTIR: Vmax. 
2362, 2169, 1436, 1196. 1H NMR (D2O): * 7.44 (dd, 1H, C4H), 7.85 (dd, 1H, C5H), 9.17 (dd, 1H, C2H).
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DIAZO-TRANSFER TO H R P
To a solution of HRP in MQ (200 ^L, 2.5 mg/mL) an aqueous solution of K2CO3 (100 ^L, 2 mg/mL) was 
added, along with 25 ^ L  of a Cu(II)SO4-5 H2O solution in MQ (1 mg/mL). After mixing, a solution of 1 in MQ was 
added (15 ^ L, 2 mg/mL, 1.75 equiv.) and the reaction was left agitated overnight. The mixture was transferred to 
an Amicon UltraFree-MC centrifugal filter with a 3 kDa cutoff and centrifuged to dryness. The supernatant was 
redissolved in 600 ^ L MQ and centrifuged again. This procedure was repeated for a total of five washings. Finally, 
the product was redissolved in 200 ^ L MQ and analyzed by ESI-TOF (calc. for four transfers (based on 43178.00 
found for unreacted HRP): 43281.96; found: 43282.00). See figure 8  for details.
DIAZO-TRANSFER TO DSRED
To 0.5 mL DsRed (2.6 mg/mL) was added 70 |JL K2CO3 (0.1 M in MilliQ water), 1 |JL CuSO4 (40 mM in 
MilliQ water), ending with 20 |JL diazotransfer agent (24 mM in MilliQ water). The solution was incubated at 
room temperature overnight, and purified over a 5 mL Sephadex-G50 (Amersham Biosciences) column 
equilibrated with MilliQ water. The solution was concentrated on a lyophilizer, yielding 2.5 mg/mL. The product 
was analyzed by ESI-TOF (calc. for three transfers + Na (based on 29768.95 found for unreacted DsRed): 
29869.93; found: 29870.11). See figure 9 for details.
Preparation of polymersomes
A solution of 0.5 mg PS-PIAT (2) in 0.5 mL tetrahydrofuran 
(THF) containing 10 wt.-% of anchor 3 was gently dripped 
into 2.25 mL of a phosphate buffer (20 mM, pH 7.4) with 250 
^L of a GOx stock solution in the same buffer (2.5 mg/mL,
15.6 ^M). and left to equilibrate for 30 min. The suspension 
was transferred to an Amicon Ultra Free-MC centrifugal filter 
with a 100 kDa cutoff and centrifuged to dryness. The 
polymersomes were redispersed in 600 #L of a phosphate 
buffer (20mM, pH 7.4) and centrifuged again. This step was 
repeated six times. The resulting vesicles were redispersed in 
1mL phosphate buffer (20 mM, pH 7.4). Figure 5 gives 
representative electron micrographs of these polymersomes.
Conjugation of 3-butyn-1-ol to azido-HRP
3-Butyn-1-ol (2.5 ^L, 3.3 X 10-2 mmol) was added to a solution of azido-HRP in MQ (100 ^L, 2.5 mg/mL). 
Aqueous solutions of Cu(II)SO4-5H2O with sodium ascorbate (10 mM each, 10 ^L) and 4,7-diphenyl-1,10- 
bathophenanthroline disulfonic acid disodium salt (ligand, 10 mM, 10 ^L) were premixed, added to the enzyme 
solution and left for 14 hrs at room temperature. The mixture was then transferred to an Amicon UltraFree-MC 
centrifugal filter with a 3 kDa cutoff and centrifuged to dryness. The supernatant was redissolved in 600 ^L MQ 
and centrifuged again. This procedure was repeated for a total of five washings. Finally, the product was 
redissolved in 100 ^L MQ. The product was analyzed by ESI-TOF (calc. for one addition (based on 43178.00 for 
unreacted HRP): 43352.00; found: 43352.00), the result of which is shown in figure 8.
Conjugation of azido-HRP to polymersome surfaces
To a dispersion of GOx-containing polymersomes in 200 ^L phosphate buffer (20 mM, pH 7.4) an aqueous 
solution of azido-functionalized HRP (33 #L, 75 #M, 2 equiv. relative to 3) was added. Aqueous solutions of Cu
(II)SO4-5H2O containing sodium ascorbate (10 mM each, 33 ^L) and bathophenanthroline ligand (10 mM, 33 ^L) 
were pre-mixed and then added to the dispersion, which was left at 4 °C for 60 hrs. The mixture was transferred to 
an Amicon UltraFree-MC centrifugal filter with a 100 kDa cutoff and centrifuged to dryness. The polymersomes 
were redispersed in 600 ^ L  phosphate buffer (20 mM, pH 7.4) and centrifuged again. This step was repeated until 
no enzyme activity could be detected in the filtrate. The resulting biohybrid was redispersed in 200 ^L phosphate 
buffer (20 mM, pH 7.4).
O. NV > N
t-Bu
H O
2
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Figure 8. Mass spectra for HRP, azido-HRP and butynol-conjugated azido-HRP. Each panel shows both the 
experimental results and the deconvoluted peaks; A. Unreacted HRP; B. Azido-HRP; C. Azido-HRP reacted with
3-butyn-1-ol.
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Conjugation of azido-DsRed to ELP
To a mixture of ELP (16 #L, 0.587 mg/mL in PBS buffer pH 6.5, MW 39.8 kDa) and azido-DsRed (2 #L, 3.3 
mg/mL in MQ) was added 2 #L of CuBr/ligand mixture. The CuBr/Ligand mixture contained CuBr in MeCN (40 
mM) and ligand 4 (80 mM) in a 1:1 v/v ratio. The reaction mixture was gently shaken at r.t. for 18 hours and used 
for gel electrophoresis without further purification.
C onjugation o f  o-Me, to-propargylic PEG45 t o  azido-DsRed
To a mixture of PEG (5 #L, 2.3 mg/mL in MQ) and azido-DsRed (5 #L, 3.3 mg/mL in MQ) was added 2 #L of 
CuBr/ligand and 8 |JL MQ giving a total volume of 20 |JL. The CuBr/Ligand mixture contained CuBr in MeCN 
(40 mM) and ligand 4 (80 mM) in a 1:1 v/v ratio. The reaction mixture was gently shaken at r.t. for 18 hours and 
used for gel electrophoresis without further purification.
Activity assay for (azido-)HRP
An ABTS/H2O2 stock solution (4 mM in 20 mM pHosphate buffer, pH 7.4, with 0.22% H2O2) was freshly 
prepared before each series of measurements. In a single well of a 96-well micro titer plate a solution of HRP or 
azido-HRP (2.5 ^g/mL in 20 mM phosphate buffer, pH 7.4, 100 ^L) or an aliquot of control buffer (100 ^L) was 
placed, followed by the ABTS/H2O2 stock solution (5 ^ L). The monitoring of the formation of the radical cation of 
ABTS via its absorption at 405 nm was started immediately after mixing. A comparison of initial reaction rates is 
shown in figure 10.
Activity assay for biohybrid polymersomes
A stock solution of glucose (1 M in 20 mM phosphate buffer, pH 7.4) was freshly prepared before each series of 
measurements, as was an ABTS stock solution (4 mM in 20 mM phosphate buffer, pH 7.4). In a single well of a 96- 
well micro titer plate a dispersion of polymersomes (100 ^L) or an aliquot of control solution (100 ^L) was 
placed, followed by the glucose (40 ^L) and the ABTS (20 ^L) stock solutions. The monitoring of the formation 
of the radical cation of ABTS via its absorption at 405 nm was started immediately after mixing.
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5. A three-enzyme cascade reaction through positional 
assembly of enzymes in a polymersome nanoreactor
Abstract: Porous polymersomes based on 
block copolymers of isocyanopeptides and 
styrene have been used to anchor enzymes 
at three different locations, namely in their 
lumen (Glucose Oxidase, GOx), in their 
bilayer membrane (Candida antarctica 
lipase B, CalB), and on their surface 
(Horseradish Peroxidase, HRP). The latter 
coupling was achieved via ‘click’ chemistry 
between acetylene functionalised anchors on 
the surface of the polymersomes and azido 
functions of HRP, which were introduced 
using a direct diazo transfer reaction to 
lysine residues of the enzyme. To determine 
the encapsulation and conjugation efficiency 
of the enzymes, they were decorated with 
metal ion labels and analysed by mass 
spectrometry. This revealed an almost 
quantitative immobilisation efficiency of
HRP on the surface of the polymersomes 
and a more than statistical incorporation 
efficiency for CalB in the membrane, and 
for GOx in the aqueous compartment. The 
enzyme decorated polymersomes were 
studied as nanoreactors in which glucose 
acetate was converted by CalB to glucose, 
which in a second step was oxidised by 
GOx to gluconolactone. The produced 
hydrogen peroxide was used by HRP to 
oxidise ABTS to ABTS +. Kinetic analysis 
revealed that the reaction step catalysed by 
HRP is the fastest in the cascade reaction.
Keywords: cascade reactions • 
enzyme immobilisation • 
macromolecular chemistry • 
nanomaterials • polymersomes
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5.1 Introduction
Compartmentalisation is one of the techniques that cells adopt to enable a high level of 
control over (bio-)chemical processes, for instance the order in which enzymes react. In 
many cases, the compartment also serves to protect the cell from the action of its degrading 
contents, as is the case with lysosomes. It furthermore serves as a scaffold for the precise 
positional assembly of enzymes that work together in a multistep cascade reaction. 
Positioning of enzymes on the surface of a compartment, in its interior, its membrane, or 
any combination thereof can be found, for instance in mitochondria for the enzymes 
involved in the citric acid cycle.
In an effort to mimic these complex enzyme systems, many studies concerning enzyme 
encapsulation or assembly have been reported in the literature.!1-5 The focus of this 
research initially was on phospholipid liposomes,!6- 7] whose bilayer membranes are rather 
similar to those of naturally occurring cells. However, the relative fragility of liposomes 
limits their potential applicability. Increased mechanical and thermodynamic stability has 
been achieved by preparing vesicles via layer-by-layer deposition methods.^ 9] 
Compartmentalisation based on sol-gel chemistry has also been reported,!1’ 3] although this 
approach parts with the notion of discrete vesicular objects.
Like liposomes, polymersomes are spherical aggregates that contain a bilayer 
architecture. They are formed by the self-assembly of amphiphilic block copolymers in an 
aqueous environment.[10] Their polymeric bilayer shows a greater stability, mainly due to 
the lower critical aggregation concentration of amphiphilic macromolecules.[10] The large 
chemical versatility which is possible in block copolymer synthesis allows one to tune the 
properties of polymersomes.[11-13] A drawback of polymersome membranes is their low 
permeability even to water, which hampers application as nanoreactors.[10] To overcome 
this problem, the diffusion of solvent and substrate molecules has been enabled by the 
inclusion of channel proteins[14] or proton pumps[15] in the polymeric bilayer.
A more convenient method to prepare permeable polymersomes is the use of a block 
copolymer that gives an intrinsically porous bilayer when self assembled. One such 
copolymer is polystyrene4o-fc-poly(L-isocyanoalanine(2-thiophen-3-yl-ethyl)amide)5o (PS- 
PIAT, see scheme 1). It is a rod-coil type of amphiphilic copolymer consisting of a rigid 
polyisocyanide block and a flexible polystyrene block.[16-18] On dispersal in water it forms 
porous polymersomes that possess a relatively high degree of diffusion. Small molecules 
can move across their membranes while larger molecules, such as proteins, cannotJ16, 19]
In a previous paper we described the use of PS-PIAT polymersomes as scaffolds for the 
positional assembly of two different enzymes.[20] Glucose Oxidase (GOx) was encapsulated 
in the lumen of the polymersome, while Horse Radish Peroxidase (HRP) was embedded in 
its bilayer. The activity of these two enzymes was studied as part of a three-enzyme cascade 
system, which also involved the enzyme Candida antarctica lipase B (CalB). The latter
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enzyme was added separately to the polymersome dispersion. In this cascade system, 
1,2,3,4-tetra-O-acetyl-!-glucopyranose (GAc4) was deprotected by CalB to produce free 
glucose, which was subsequently oxidised by GOx. This in turn produced hydrogen 
peroxide, which was the substrate for HRP using it to convert 2,2’-azinobis(3-ethyl- 
benzothiazoline-6-sulfonic acid) (ABTS) into ABTS+.
In the system described above, only two out of three enzymes were linked to the 
polymersome. Recently we have developed methodologies to anchor an enzyme to the 
surface of a polymersome,!21, 22] one of which is based on the 1,3-dipolar cycloaddition 
between an azide and an alkyne. To this end a block copolymer ‘anchor’ with an acetylene- 
functionalised hydrophilic terminus (1, scheme 1) was admixed with PS-PIAT to introduce 
surface-functionalities while maintaining membrane porosity, i.e. the ability of the 
polymersome to let small molecules diffuse through its membrane. We have now used this 
anchoring approach to develop an enzyme cascade system in which all enzymes involved 
are associated with one single polymersome through a controlled spatial positioning 
procedure, as shown in figure 1. This system therefore extends our ability to create complex 
cascade biomimetic systems. A practical advantage of this approach is that all catalytic 
enzyme species can be removed from solution by a single filtration. The system also 
features a more controlled spatial positioning of the enzymes. In this chapter the 
construction of the 3-enzyme polymersome reactor is described (Figure 2), together with 
the quantification of the efficiency of enzyme incorporation into the polymersome 
membrane, the lumen, and the efficiency of surface conjugation.
Scheme 1. Structures of block copolymer ‘anchor’ 1, diazo transfer reagent 2, Ru-labelling 
compound 3, glucose acetate (GAc) 4, and the polystyrene-polyisocyanopeptide PS-PIAT 5.
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Finally, to be able to prepare this three-step reactor, azido groups needed to be introduced 
in HRP. To realise this, we applied the diazo transfer reaction directly on the amines of the 
lysine residues and the amino terminus of HRP described in chapter 4.[23] This facile diazo 
transfer reaction uses imidazole-1-sulfonyl azide hydrochloride (2, scheme 1).[24]
Figure 1. Positional assembly of enzymes in a polymersome. A 9:1 (wt./wt.) mixture of PS-PIAT and anchor 1 is 
lyophilised with Candida Antarctica lipase B (CalB) and then dissolved in THF. This mixture is then injected into 
an aqueous buffer containing Glucose Oxidase (GOx), encapsulating it in the inner compartment and subsequently 
trapping CalB in the polymeric bilayer. A third enzyme, Horseradish Peroxidase (HRP), is immobilised on the 
polymersomal perimeter via covalent linkage to anchor 1, creating an outer shell of enzymes.
Figure 2. Schematic representation of the multistep reaction. 1: Mono-acetylated Glucose (compound 4) is 
deprotected by CalB, which is embedded in the polymersome membrane. 2: In the inner aqueous compartment 
GOx oxidises glucose to gluconolactone, providing a molecule of hydrogen peroxide. 3: Hydrogen peroxide is 
used by HRP to convert ABTS to ABTS+. HRP is tethered to the polymersome surface.
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5.2 Results and Discussion
Design of the three-enzyme cascade system: The objective of this study was to position 
enzymes at three specific locations within or on a polymersome: GOx in its lumen, CalB in 
its membrane and HRP on its surface (see figure 2). Since GOx is a rather large tetrameric 
enzyme (160 kDa), it would disrupt PS-PIAT membranes when embedded in it;[20] hence it 
was decided to include this enzyme inside the more spacious lumen. HRP and CalB have 
lower molecular weights (~43 kDa and ~33 kDa, respectively) and both enzymes have been 
successfully incorporated in a PS-PIAT membrane before.!19- 20] Our choice to embed CalB 
in the bilayer of the vesicles was primarily motivated by the fact that it is more hydrophobic 
than HRP. In order to enable the effective use of anchor 1, any enzyme that was to be 
positioned on the surface of the polymersome needed to be functionalised with azido- 
moieties. To realise this, we decided to apply a diazo transfer reaction directly on the 
amines of the lysine residues and the amino terminus of the enzyme.!23- 24] Given our intent 
to modify the primary amines, the lower density of amines present in HRP as opposed to 
CalB would reduce the risk of polymersome aggregation due to cross-linking via bridging 
enzymes. Furthermore, the risk of decreasing enzymatic activity is lowered when a 
modified enzyme more closely resembles its native state. These considerations led us to 
position GOx in the lumen, CalB in the bilayer and HRP on the outer surface, necessitating 
the synthesis of azido-HRP.
Polymersomes loaded with two enzymes: As a first step towards the three-enzyme 
cascade system, polymersomes loaded with CalB in their membranes and GOx in their 
aqueous compartments were prepared. It was also investigated whether this system would 
be compatible with the presence of anchor 1. To this end, PS-PIAT with 10 wt.-% anchor 1 
was dissolved in THF and injected into an aqueous solution of CalB (2 mg mL-1), after 
which the dispersion was immediately flash frozen in liquid nitrogen and lyophilised. The 
resulting CalB-polymer hybrid[20] was then dissolved in THF and gently dripped into a 
phosphate buffer containing 0.25 mg mL-1 GOx. After half an hour of equilibration, non­
encapsulated enzymes and THF were removed via filtration, and the resulting mixture was 
analysed by electron microscopy (figure 3), revealing the presence of polymersomes with 
diameters ranging from 90 to 180 nm. This shows that the two enzymes and anchor 1 do 
not prevent the PS-PIAT polymersomes from being formed.
Preparation of azido-HRP. To expand this two-enzyme system into a three-enzyme one, 
HRP needed to be equipped with azide moieties. Although azido-modified amino acids can 
be introduced by single site or multisite protein engineering replacement strategies,!25! the 
level of control provided by these laborious methods is not needed for mere immobilisation 
of enzyme molecules. This led us to apply the mild and generally facile diazo transfer 
reaction to amines, carried out with imidazole-1-sulfonyl azide hydrochloride (2, scheme 1,
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Figure 3. Electron micrographs of biohybrid polymersomes. All micrographs shown are of PS-PIAT vesicles 
containing an admixed 10 wt.-% of 1. The scale bar represents 500 nm. Their enzymatic content is as follows: A). 
GOx in lumen (TEM); B) GOx in lumen, HRP on surface (SEM); C) GOx in lumen, CalB in membrane, HRP on 
surface (TEM); D) GOx in lumen, CalB in membrane, HRP on surface (SEM); E) 3-labelled GOx in lumen 
(TEM); F) 3-labelled CalB in membrane.
also see chapter 4) as reagent and catalysed by Cu(II)[24], which has been shown to be 
suitable for protein modification in aqueous solution.[23] To this end, an aqueous solution of 
HRP, K2CO3 and Cu(II)SO4  was treated with water-soluble 2 for twelve hours, after which 
the enzyme was purified using centrifugal filter devices. ESI-TOF analysis of the treated 
enzyme showed that an average of four amines were transformed into azides. This is a 
satisfactory result, given the fact that in principle only one azide per enzyme is required for 
surface immobilisation.
Subsequently, PS-PIAT polymersomes containing GOx in their inner aqueous 
compartments and 10% acetylene-anchor 1 in their membranes were prepared. After 
treatment of these aggregates with azido-HRP and Cu(I), they were washed through 
filtration techniques until no HRP activity could be detected in the washings. The resulting 
polymersomes, containing GOx in their lumens and HRP on their surfaces, were dispersed
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in phosphate buffer and studied as a two-enzyme cascade system, in which glucose is 
converted to gluconolactone and the resulting hydrogen peroxide used to oxidise ABTS to 
the coloured radical cation ABTS+. As can be seen in figure 4, the increasing absorbance of 
ABTS + clearly indicates that the two-enzyme cascade system is working, demonstrating 
both the successful conjugation of HRP to the functionalised polymersome nano-reactor 
and the viability of more complex enzyme positioning schemes like this. The structural 
integrity of the polymersomes remained unperturbed, as is shown in figure 3.
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Figure 4. Progress curve for GOx polymersomes with surface-conjugated HRP. Two types of polymersomes are 
incubated with glucose and ABTS, and the appearance of ABTS + is measured as a function of time. After a short 
initial incubation period, polymersomes that only contain GOx do not show any increase in absorbance (grey dots). 
Polymersomes in which both enzymes are present do show an increasing concentration of ABTS + (black dots).
Polymersomes loaded with three enzymes: In a next step, azido-HRP was conjugated to 
the acetylene anchors that were part of the above mentioned two-enzyme polymersomes 
carrying GOx in their aqueous compartment and CalB in their bilayer membrane. After 
conjugation, the vesicles were washed using a cutoff filter that allowed passage of 
unconnected enzymes while retaining intact polymersomes in the supernatant. The 
transmission electron micrographs shown in figure 3 revealed an unaltered spherical 
morphology of the polymersomes.
Not much has previously been reported on the actual efficiency of these incorporation 
processes. Rameez et al. determined the efficiency of haemoglobin (Hb) encapsulation in 
the polymersome lumen by lysis of the vesicles, followed by UV-Vis detection of released 
Hb, using an Hb-specific protocol.[26] For a more general approach, we chose to employ a 
commercially available ruthenium complex with an isothiocyanato-moiety (compound 3), 
which is easily covalently linked to any molecules containing free amines, as most proteins
57
do in their lysine residues or ^-termini. After encapsulation or immobilisation, the use of 
inductively coupled plasma - mass spectrometry (ICP-MS), allowed for the quantitative 
detection of ruthenium, and hence of proteins.
Each of the three different enzymes was labelled and separately incorporated into the 
polymersomes or conjugated to them in the same way as shown above for the unlabelled 
enzymes (polymersomes containing the labelled enzymes are shown in figure 7). Results 
for CalB and GOx incorporation, as well as HRP-conjugation efficiency, are given in table 
1. From these results it appears that the efficiency of conjugating azido-HRP to the 
polymersome surface is very high. By applying 10 wt.-% of the anchor compound 1, 7 
nmol of alkyne moieties become incorporated in the periphery of the polymersome. 
Assuming an equal distribution of the anchor molecules over both membrane layers, it can 
be calculated that around 3.5 nmol of acetylene functions are present on the polymersome 
outer surface. The average value, as determined by ICP-MS, of 3.2 nmol HRP after 
conjugation implies that more than 90% of all available acetylene sites were occupied by 
HRP.
Table 1. Encapsulation and conjugation efficiencies of enzymes in PS-PIAT polymersomes.
Labelled
Enzyme
Location Quantity [nmol] Retained in 
Biohybrid [nmol]
Efficiency [%]
CalB polymeric bilayer 5.61 0.80 - 1.13 17.2 ± 2.96
GOx lumen 3.91 0.90 - 1.06 25.0% ± 2.09
HRP surface 12.50 2.77 - 3.61 92% of theoretical maximum[a]
[a] Measured: 25.5% ± 3.37% - The theoretical maximum for HRP is dictated by the amount of acetylenes introduced via anchor 1.
For GOx and CalB, the incorporation efficiency was much higher than the 0.1% that 
would be expected based on statistical inclusion.[20] This implies a mechanism of 
polymersome formation that is somehow influenced by the presence of the enzymes, 
perhaps through nucleation of block-copolymer aggregates around transient protein 
aggregates.
Three-enzyme cascade catalysis: As a substrate for the three-enzyme cascade reaction of 
CalB, GOx and HRP, an acetate-protected glucose was chosen. Previously, the tetra-acetate 
GAc4 had been used for this purpose.[20] For the present study, however, an increased 
solubility of the substrate in aqueous buffers was desired, in order to achieve a more 
homogeneous reaction mixture. The orthogonally protected 2,3,4,6-tetra-O-benzyl-D- 
Glucopyranose was acetylated at its anomeric position and subsequently hydrogenated to 
produce GAc (4, scheme 1). Besides its greater solubility, GAc is also more rapidly 
deprotected by CalB, which enhances the overall reaction rate of the cascade system.
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Figure 5. Progress curve for the three-enzyme cascade reaction (see figure 2). The black dotted line shows the 
increasing concentration of the cascade’s final product, ABTS +. After filtration of the solution to remove 
polymersomes, no enzymatic activity could be detected anymore (open dots). The system that lacked CalB still 
showed activity due to chemical hydrolysis of 4 (grey dots).
The multistep nanoreactors were incubated with GAc (4) and ABTS as described in the 
experimental section and the increase in ABTS + concentration as a function of time was 
measured by UV-vis spectroscopy. The results are presented in figure 5. The curve is S- 
shaped and the first two thirds of the data points can be fitted to the equation shown in 
figure 6, which describes a two-enzyme reaction (R2 value = 0.9956; Data were fit using 
GraphPad Prism 5.0a for Mac OS X.)
Figure 6. Rate equation for a two-enzyme cascade reaction system. Cp denotes the concentration of the final 
product, ABTS+; [GAc]o is the initial concentration of the substrate (4).
This suggests that one of the three enzymes has an activity high enough not to influence 
the total kinetics. We propose this is HRP. Its spatial position relative to GOx enables it to 
convert any H2 O2 molecule relatively quickly after its generation, eliminating HRP from 
the rate equation. Its method of immobilisation also renders it the enzyme that is least 
hindered by its crowded environment. Furthermore, it is also the enzyme that has not been 
suffering from the effects of THF since it never came into contact with this solvent. For 
comparison, also a reaction with a polymersome system lacking CalB in the membrane was 
performed (figure 5). These polymersomes do not have the ability to catalytically deprotect 
GAc; the progress of the reaction is dependent on the hydrolysis of GAc by water. As can 
be seen in figure 5, this system displays a significantly lower rate of reaction. The similarity
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between the curves for the two-enzyme and the three-enzyme system shows that CalB is 
not the fastest of the three enzymes, again pointing towards HRP as taking this role. 
Unfortunately, our analysis using equation 1 does not allow us to determine the slowest step 
of the three enzyme cascade reaction. Measurement of a solution that was filtered to remove 
the polymersomes showed no conversion of ABTS, indicating that all activity that was 
measured resulted from enzymes associated with the polymersomes.
The relatively high concentration of enzyme molecules measured by ICP-MS does not 
translate in a higher total activity. A possible explanation is that diffusion of substrate or 
product through the membrane is rate-limiting, or that the confinement of the enzyme 
molecules in a small space is detrimental to their activity. The temporary exposure to THF 
that some enzymes undergo may also adversely influence their activity. Further studies are 
required to obtain more information regarding this issue.
5.3 Conclusion
We have constructed biohybrid polymersome nanoreactors in which three different 
enzymes are spatially positioned, and precisely ordered. These enzymes were incorporated 
in the membrane (CalB), encapsulated in the inner aqueous compartment (GOx), and 
attached to the surface of the polymersome (HRP.) The conjugation of HRP to the 
polymersomes was realised via a Cu(I)-catalysed [3+2] Huisgen cycloaddition. To this end 
the HRP had been provided with azide functions following a diazo transfer reaction on 
lysine residues or the N-terminus, carried out in aqueous buffer. The vesicular morphology 
of the resulting three-step nanoreactor is unaffected by this decoration. More than 90% of 
the available handles on the polymersome surface are occupied by an azido-HRP molecule, 
and the lumen incorporates approximately 25% of the added GOx enzymes, which is more 
than expected for a pure statistical encapsulation process. The CalB enzymes are 
incorporated in the bilayer membrane with an efficiency of 17%. The nanoreactor is 
capable of performing a three-step cascade reaction and can be removed from the solution 
by a single filtration. The progress curve of the reaction fits to a two-enzyme reaction 
model, suggesting that one of the enzymes, i. e. HRP, does not influence the overall 
kinetics, probably as a result of its location on the surface of the polymersome. Although 
the macromolecular assembly of the model enzyme cascade reaction presented here does 
not provide an inherent catalytic advantage over a mixture of the same enzymes when 
freely dissolved, it clearly illustrates the viability of advanced enzyme positioning in 
polymersomes.
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5.4 Experimental Section
Materials: PS-b-PEG-acetylene 1 was prepared as previously described.[21] Diazo transfer reagent 2 was prepared 
as described elsewhere.[23] Deuterated chloroform (CDCh, 99.8%), deuterated methanol (CD3OD, 99.8%) and 
heavy water (D2O, 99.9%) were purchased from Aldrich, CuSO4 (Merck), sodium ascorbate (Fluka, >99%), 4,7- 
diphenyl-1,10-bathophenanthroline disulfonic acid disodium salt (ligand) (Sigma-Aldrich), anhydrous sodium 
sulphate (Fluka, 99%), K2CO3 (Fisher), magnesium sulfate dihydrate (Fluka, 99%), NaN3 (Acros, 99%), Bis(2,2'- 
bipyridine)-(5-isothiocyanato-phenanthroline)ruthenium bis(hexafluorophosphate) (3) (BioChemika, Aldrich), 
2,3,4,6-tetra-O-benzyl-D-Glucopyranose (Aldrich), celite, acetic anhydride (Ac2O), NaHCO3 , Na2CO3 and 
Na2HPO4 (Merck) and 2,2’-azinobis(3-ethyl-benzothiazoline-6-sulfonic acid) diammonium salt (ABTS) (Fluka, 
99%) were all used as received. Coffee was from the machine down the hall (DE). Charcoal-supported Pd-catalyst 
(Pd/C), nitric acid (HNO3), hydrochloric acid (HCl), methanol (MeOH), ethyl acetate (EtOAc), sodium chloride 
(NaCl), silver acetate (AgOAc), toluene, 1, 4-dioxane, dimethylformamide (DMF) and diethyl ether (Et2O) were 
of technical grade (Baker) and used as received. Styrene (Aldrich) was distilled before use. Tetrahydrofuran (THF) 
(Acros, 99+%) was distilled from sodium and benzophenone and CH2Cl2 (Baker) was distilled from calcium 
hydride and triethylamine (Et3N) (Baker) was distilled from CaCh prior to use. Ultrapure water was purified using 
a WaterPro PS polisher (Labconco, Kansas City, MO) set to 18.2 M '/cm .
Candida antarctica Lipase B, recombinant from Aspergillus oryzae (E.C. 3.1.1.3), horseradish peroxidase (E.C.
1.11.1.7) type VI, and glucose oxidase (E.C. 1.1.3.4) type X-S from Aspergillus niger were purchased from Sigma 
(BioChemika). PS40-PIAT50 was purchased from Encapson B.V. (Nijmegen, The Netherlands).
1H NMR spectroscopy: spectra were recorded on a Varian inova400 instrument at room temperature. 1H NMR 
spectra are reported in ppm (6) relative to tetramethylsilane (6=0.00) when measured in CDCh. In CD3OD the 
solvent residual peak is used as a reference. Multiplicities are reported as follows: s (singlet), d (doublet), t 
(triplet), m (multiplet), or b (broad). The number of protons (n) for a given resonance is indicated as nH, and is 
based on spectral integration values.
Transmission electron microscopy (TEM): TEM images were obtained using a JEOL JEM 1010 microscope (60 
kV) equipped with a CCD camera. Samples were prepared by placing 10 ^L of a solution on a carbon-coated 
copper grid for 15 min., after which the liquid was removed. The grid was washed by placing 10 ^L MQ on it, 
which was subsequently removed, after which the grid was dried in vacuo. The structures were visualised without 
further treatment.
Scanning electron microscopy (SEM): SEM images were obtained using a JEOL JSM T300 Scanning 
microscope (30 kV). Samples were prepared by placing 10 ^ L of a solution on a carbon-coated copper grid for 15 
min., after which the liquid was removed. The grid was washed by placing 10 ^L  MQ on it, which was 
subsequently removed, after which the grid was dried in vacuo. Grids were subsequently coated in 1.5 nm Pt/Au 
using a BALZERS sputter machine. The structures were visualised without further treatment.
UV spectroscopy: UV absorption was measured using a Wallac Multilabel Counter 1420 (Victor Wallac) using 
96-well micro titer plates. All samples were freshly prepared and measurements were started immediately after 
mixing.
Inductively coupled plasma - mass spectrometry (ICP-MS): ICP-MS measurements were performed using an 
Xseries I quadropole machine (Thermo Fisher Scientific) using 5 mL samples containing 0.5 mg mL-1 AgOAc as 
an internal standard.
Mass spectrometry: ESI-TOF measurements were performed by using an AccuTOF-CS (Jeol) instrument. 
Samples were prepared in ultrapure water containing 0.5% (v/v) formic acid with a final concentration of 2 mg 
mL-1. ESI-ion trap spectra were obtained using an LCQ advantage max (Thermo Finnigan, Thermo scientific) on 
samples in MeOH with a final concentration of 1 mg mL-1.
Preparation of polymersomes: PS-PIAT (0.5 mg) was dissolved in tetrahydrofuran (THF, 0.5 mL) containing the 
appropriate wt.-% of anchor 1. Subsequently, it was gently dripped into 2.5 mL of a phosphate buffer (20 mM, pH 
7.4) and left to self-assemble for 30 min. The suspension was then transferred to an Amicon Ultra Free-MC
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Figure 7. Transmission Electron Micrographs of polymersomes. All micrographs are TEM images of PS-PIAT 
polymersomes containing 10 wt.-% of anchor 1. The black scale bar denotes 200 nm. A., C. and E., are 
polymersomes containing GOx in their lumen and CalB in their membranes. B., D. and F., are the same 
polymersomes, but now with HRP conjugated to their surfaces. In A. and B., HRP is Ru-labelled using 3. in C. and 
D. CalB is Ru-labelled using 3. In E. and F. GOx is Ru-labelled using 3.
centrifugal filter with a cutoff of 100 kDa and centrifuged to dryness. The polymersomes were redispersed in 600 
#L of a phosphate buffer (20mM, pH 7.4) and then centrifuged again. This step was repeated six times. The 
resulting vesicles were redispersed in 1mL phosphate buffer (20 mM, pH 7.4). TEM and SEM images of all types 
of polymersomes used in this study are shown in figures 3 and 7.
Encapsulation of enzymes in polymersomes: For vesicles containing GOx in their lumen, 250 ^L  of the buffer 
was replaced by an equal volume of a GOx stock solution in the same buffer (2.5 mg mL-1, 15.6 ^M). The further 
procedure was unchanged. For polymersomes containing CalB in their membranes, the THF solution containing 
the block-copolymers was first injected into 100 ^L  of a CalB stock solution (2 mg mL-1, 56.1 ^M) in ultrapure 
water (MQ). This dispersion was lyophilised and redissolved in THF (0.5mL) and then used as described above. 
TEM and SEM images of all types of polymersomes used in this study are shown in figures 3 and 7.
Diazo transfer to HRP: A solution of HRP in MQ (200 ^L, 2.5 mg mL-1) was treated with K2CO3 (100 ^L of an 
aqueous solution, 2 mg mL-1), along with 25 ^ L  of a Cu(II)SO4-5H2O solution in MQ (1 mg mL-1). After mixing, 2 
was added as a solution in MQ (15 ^L, 2 mg mL-1, 1.75 equiv.) and the reaction was left on a roller bank 
overnight. The reaction mixture was transferred to an Amicon UltraFree-MC centrifugal filter with a 3 kDa cutoff 
and centrifuged to dryness. The supernatant was redissolved in 600 ^L MQ and centrifuged again. This procedure 
was repeated for a total of five such washings. Finally, the product was redissolved in 200 ^ L  MQ. It was analysed 
by ESI-TOF. MS: m/z 43282.00 (M, calc. (for four transfers based on 43178.00 found for unreacted HRP): 
43281.96).
Conjugation of azido-HRP to polymersome surfaces: To a dispersion of acetylene-functionalised polymersomes 
in 200 ^L  phosphate buffer (20 mM, pH 7.4) an aqueous solution of azido-functionalised HRP (33 #L, 75 #M, 2
D
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equiv. relative to 1) was added. Aqueous solutions of Cu(II)SÜ4-5 H2O containing sodium ascorbate (10 mM each, 
33 ^L) and bathophenanthroline ligand (10 mM, 33 ^L) were pre-mixed and subsequently added to the dispersion, 
which was left at 4°C for 60 h. The mixture was then transferred to an Amicon UltraFree-MC centrifugal filter 
with a 100 kDa cutoff and centrifuged to dryness. The supernatant polymersomes were redispersed in 600 ^L 
phosphate buffer (20 mM, pH 7.4) and centrifuged again. This step was repeated until no enzyme activity could be 
detected in the filtrate. The resulting biohybrid was redispersed in 200 ^ L phosphate buffer (20 mM, pH 7.4).
Synthesis of 1-O-acetyl-2,3,4,6-tetra-O-benzyl-D-glucopyranose (5): 2,3,4,6-Tetra-O-benzyl-D-glucopyranose 
(990 mg, 1.8 mmol), was dissolved in 30 mL dry CH2Q 2. Triethylamine (Et3N), 240 ^L  (1.9 mmol, 1.05 equiv.) 
was added, followed by 180 ^L  (1.9 mmol, 1.05 equiv.) acetic anhydride (Ac2Ü). After 2 h. of stirring, a further 
240 ^ L Et3N (1.9 mmol, 1.05 equiv.) was added, followed by 180 ^ L Ac2Ü (1.9 mmol, 1.05 equiv.), which was left 
to stir for 2 h. The crude reaction was washed with 3x aqueous 1M HCl, 2x aqueous 5% NaHCÜ3 , ultrapure water, 
and brine. Pure 1-O-acetyl-2,3,4,6-tetra-O-benzyl-D-glucopyranose (860 mg, 82%) was obtained after flash 
chromatography (CH2Ch). 1H NMR (400 MHz, CDCh): *=2.05 (s, 3H, Ac), 3.59 (m, 2H, O H 2), 3.73 (m, 4H, 
C2H, C3H, C4H, C5H), 4.50-4.91 (m, 8 H, benzylic), 5.60 (d, 1H, anomeric), 7.14-7.32 (m, 20H, Ar). MS: m/z 
605.30 (M + Na, calc. 605.25).
Synthesis of 1-O-acetyl-D-glucopyranose (4, GAc): Compound 5 (500 mg, 0.86 mmol) was dissolved in 25 mL 
MeOH / EtOAc (2:1, v/v). To this solution, 10 mg of charcoal-supported Pd-catalyst was added. The solution was 
shaken under 3 bar H2 pressure for 90 min using a Parr apparatus. The Pd/C was removed by filtration over celite 
and the solution was concentrated to yield 1-O-Acetyl-D-Glucopyranose as a clear, waxy solid (176 mg, 92%). 1H
NMR (400 MHz, CD3OD): *=2.02 (s, 3H, Ac), 3.04 (b, 2H, C3H and C5H), 3.13 (b, 2H, C6H2), 3.38 (m, 1H, C2H), 
3.58 (m, 1H, C5H), 4.55 (t, 1H, CH2OH), 4.99 (b, 1H, C2HOH), 5.08 (b, 1H, C3HOH), 5.25 (b, 1H, C4HOH), 5.29 
(d, 1H, anomeric H). MS: m/z 245.05 (M + Na, calc. 245.06).
Activity assay for biohybrid polymersomes: A stock solution of 1-O-acetyl-D-glucopyranose 4 (1 M in 20 mM 
phosphate buffer, pH 7.4) was freshly prepared before each series of measurements, as was an ABTS stock 
solution (4 mM in 20 mM phosphate buffer, pH 7.4). In a single well of a 96-well micro titer plate a dispersion of 
polymersomes (100 ^ L) or an aliquot of control solution (100 ^ L) was placed, followed by the glucose acetate (40 
^L) and the ABTS (20 ^L) stock solutions. The monitoring of the formation of the radical cation of ABTS via its 
absorption at 405 nm was started immediately after mixing.
Ru-labelling of enzymes: To a weighed quantity of bis(2,2'-bipyridine)-(5-isothiocyanato-phenanthroline) 
ruthenium bis(hexafluorophosphate) (3) an aqueous solution of the desired enzyme in MQ was added in such an 
amount that 0.5 equiv. of the metal complex were present for every amine in the protein, counting only its lysine 
residues and N-terminus. Then, 10 vol.-% of an aqueous Na2CO3 solution in MQ (1 mg mL-1) was added and the 
reaction mixture was left at 4°C for 14 h. Hereafter, it was filtered using an Amicon UltraFree-MC centrifugal 
filter with a 3 kDa cutoff. The supernatant was redissolved in 600 ^L MQ and centrifuged again. This procedure 
was repeated for a total of five such washings. Finally, the product was redissolved in an aliquot of MQ equal to 
that of the enzymatic solution initially used. Reactions were verified via inductively coupled plasma mass 
spectrometry (ICP-MS). Labelled azido-HRP was reacted with 0.1 equivalents of 3 prior to a diazo transfer as 
described above.
ICP-MS analysis of biohybrid polymersomes: Dispersions of polymersomes in MQ containing Ru-labelled 
enzymes were lyophilised. The dry vesicles were then destructed in concentrated nitric acid (0.5 mL) at 80°C for 3 
h. The samples were cooled to room temperature and silver acetate (AgOAc) was added as an internal standard (2 
mg mL-1 in MQ, 1.25 mL). The total volume of each sample was then brought to 5.0 mL using MQ prior to 
measurement. Resulting ppm values were expressed as molarities by standardising Ru-counts on Ag-counts and 
comparing these results to samples containing known amounts of labelled enzyme.
Curve fitting: Curves were fit using Prism 5.0a for Mac OS X. All fits were least-squares fits using one thousand 
iterations. For equation 1, initial values were set as follows: [GAc]0 = 550, k 1 = 0.02, k2 = 0.002; Only the first 
two-thirds of data points were fit, leading to a curve with an R2 value of 0.9956. The last forty percent of data 
points could be fit to a sigmoidal curve of the shape Cp(t)=[GAc]ö-ih/(Km + ih) where Km represents the Michaelis­
Menten constant. This led to a curve with an R2 value of 0.9997, suggesting that the decay of ABTS + is
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responsible for the departure from equation 1. In the measurement of polymersomes that do not have CalB in their 
membranes, water can still hydrolyse GAc. The absence of CalB can be translated into equation 1 by reducing ki 
to a very small number compared to its original value. The following initial values were used for the fitting 
procedure: [GAc]o = 550, ki = 2-10-9, k2 = 0.002. The resulting curve, while less convincing with an R2 value of 
0.9682, still suggests that the overall shape of the progress curve is unaltered by the drastic reduction of ki, 
indicating that CalB is not the slowest enzyme in the triad.
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Polymersomes
6. Sorting Catalytically Active Polymersome 
Nanoreactors by Flow Cytometry
The picture illustrates how the activity of enzymes encapsulated in 
polymersome nanoreactors can be probed using flow cytometry, a powerful 
technique that is routinely used for high-throughput fluorescence-activated cell 
sorting. Carboxyfluorescein diacetate, which is converted to the fluorescent 
carboxyfluorescein by the enzyme Candida antarctica  lipase B, is used to 
assess the activity of CalB inside porous PS-PIAT polymersomes. To prevent 
diffusion out of the polymersomes of the fluorescent product, a trapping agent 
is coencapsulated with CalB. This polycation traps the negatively charged 
carboxyfluorescein product molecules and thus colocalizes their fluorescent 
signal with active catalysts only. These highly fluorescent nanoreactors can 
then be separated from others using flow cytometry, resulting in completely 
active populations of bioreactors. The same principle is also demonstrated for 
encapsulated fluorescent protein markers such as GFP and DsRed.
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Flow cytometry is a powerful technique for high-throughput, fluorescence-activated 
screening and sorting of cells (FACS).[1-3] This methodology has been extended by Griffiths 
to the screening of water-in-oil microdroplets filled with an in vitro protein expression 
system.[4-6] The catalytic gene product was detected by the transformation of a 
coencapsulated profluorescent substrate into a fluorescent product. In this chapter we report 
a strategy in which FACS is used to detect enzyme activity inside porous and stable 
polymeric capsules (polymersomes). Since the pores of the capsules are small enough to 
keep enzymes in, whereas these are sufficiently large to allow (profluorescent) substrates to 
enter, enzyme activity screening can be performed by the buildup of fluorescence, followed 
by FACS. To prevent the substrate from diffusing out of the capsules, a trapping agent was 
added inside the capsule. With this technology we were able to separate enzymatically 
active polymersomes from non-filled or non-active polymersomes.
In nature, cells apply different methodologies to allow complex reactions to proceed in a 
very selective and highly efficient manner. One way is compartmentalization, by which a 
biological process is separated from its environment through encapsulation in a vesicle. 
Many studies have been reported in the literature in which the concept of 
compartmentalization was mimicked by the application of micro-/nanoreactors.[7-9] For 
example, Walde and Ichikawa incorporated enzymes inside lipid vesicles to study 
enzymatic reactions,[10] and Möhwald studied polyelectrolyte capsules as nanoreactors.[11] 
Another versatile class of nanoreactors is obtained by the self-assembly of block 
copolymers into polymeric vesicles, also called polymersomes.[1213] Since enzymes could 
be encapsulated inside these nanoreactors, a potential application of these nanoreactors is in 
high-throughput screening.
Recently, we have demonstrated that polymersomes made of polystyrene-polyisocyano- 
L-alanyl-amino-ethyl-thiophene [Polystyrene-polyisocyanopeptide (PS-PIAT)] block 
copolymers[14] can be loaded with enzymes and are permeable for the enzyme substrate but 
not for the enzyme itself.[15] This encouraged us to investigate whether PS-PIAT 
polymersomes could be sorted using flow cytometry based on the occurrence of a reaction 
with a substrate inside the polymeric capsule.
As a part of this investigation 
we had to establish whether 
flow cytometry could be applied 
to sort PS-PIAT polymersomes 
because they are much smaller 
in diameter (~300- 500nm) 
compared to cells or w/o 
emulsions. Since this technique 
has been applied before to 
estimate the size and dynamic
2 (Jm 2 pm
Figure 1. Transmission electron micrographs of PS- 
PIAT polymersomes containing GFP (left) and PS-PIAT 
polymersomes containing CALB (right).
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behavior of vesicular systems in comparison to non­
lamellar aggregates of lipids,[16] we were confident that 
also polymersomes would be able to be sorted by flow 
cytometry. To provide a proof of principle, we first 
encapsulated green fluorescent protein (GFP) inside 
the polymersomes. A second batch of polymersomes 
was filled with the non-fluorescent enzyme Candida 
Antarctica Lipase B (CalB).[14] The morphology of 
these polymersome samples was confirmed by 
transmission electron microscopy (TEM, figure 1).
A 1:1 mixture of these two polymersome dispersions 
was analyzed in a Coulter Epics Elite Flow cytometer. 
Gating on forward- and side-angle scatter was used to 
eliminate larger aggregates (see figure 2). In order to 
evaluate the polymersomes and the fluorescence intensity, data were presented in a dot plot 
between forward scatter (FSC) in linear scale and the fluorescence intensity (FL1) in log 
scale. GFP-filled polymersomes were positive and CalB-containing polymersomes were 
negative at 525nm. As expected, two different peaks were observed, discriminating the 
fluorescent polymersomes from the non-fluorescent ones (figure 3), which proved that it 
indeed was possible to sort polymersomes via flow cytometry.
FSC
Figure 2: Gating on forward and 
side angle scatter to eliminate 
larger aggregates.
Figure S. Histogram of polymersomes. 
Polymersomes filled with non-fluorescent 
protein CalB (A) and polymersomes filled 
with fluorescent protein (GFP) (B). The 
above two polymersome samples were 
mixed in a tube (C).
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Figure 4. Schematic representation of polymersome sorting by flow cytometry based on the 
activity of entrapped enzyme. Polymersomes that contain encapsulated CalB convert CFDA 
into a fluorescent product.
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Figure 5. Dot plot of polymersomes before and after reaction with substrate CFDA. 
Polymersomes containing BSA A) before CFDA addition and C) after reaction with CFDA. 
Polymersomes containing CalB B) before CFDA addition and D) after reaction with CFDA. In 
both cases there is fast diffusion of the fluorescent products in and out of the polymersomes. 
The activity in the case of BSA is due to background hydrolysis in the bulk water (see text). 
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The unique property of PS-PIAT polymersomes is that the substrate can diffuse through 
its porous membrane.[14] This should allow us to sort polymersomes based on enzymatic 
activity by adding a substrate to the outside of the polymersome, which upon 
transformation by the enzyme inside yields a fluorescent product (figure 4). Sorting 
between fluorescent and non- or less fluorescent polymersomes would allow us to select the 
capsules with the most active enzymes or enzyme combinations. The enzymatic activity of 
the CalB-filled polymersomes was first analyzed using standard methodologies with 
DiFMU octanoate as a substrate.t1417] For the flow-cytometry experiments 5,6-carboxy- 
fluorescein diacetate (CFDA, mixture of isomers) was used because of its suitable emission 
wavelength.
In a first attempt 200 ^ M of CFDA was added to the CalB containing polymersomes and 
the reaction mixture was analyzed via flow cytometry after 30min of reaction. As controls, 
CFDA was added to polymersomes containing the non- or less reactive protein bovine 
serum albumin (BSA). The solutions were analyzed at 525 nm to monitor the fluorescent 
product formed by the enzyme (figure 5). The polymersomes showed background 
fluorescence intensity before reacting with CFDA and after the reaction all of them 
displayed a similar increase in fluorescence intensity, indicating a comparable level of 
fluorescent product formed by the enzyme molecules. However, with the used 
encapsulation procedure, the enzyme molecules are statistically incorporated and therefore 
inclusion of the same amount of enzyme in each of the polymersomes seemed to be 
unrealistic. The averaged increase in fluorescence therefore is more likely a result of the 
diffusion of the product from the reactive polymersomes to the empty or non-reactive ones, 
and may also be the result of autohydrolysis of CFDA.
To minimize the diffusion of the formed product, we encapsulated a polyelectrolyte, 
poly-L-lysine, together with CalB or BSA inside the polymersomes, allowing the 
fluorescent product to be retained by formation of an electrostatic complex. Incorporation 
of poly-L-lysine did not alter the morphology of the polymersomes as was concluded from 
the FSC and the side-scatter (SSC) plot and from TEM micrographs (figure 6). Hydrolysis
O
C/3
C/3
>
t
Figure 6. Scatter plot of polymersomes containing CalB and poly-L-lysine (Left). 
Transmission electron micrograph of polymersomes containing CalB and poly-L-lysine.
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Figure 7. Dot plot of the polymersomes after reaction with CFDA. A) Polymersomes 
containing BSA and poly-L-lysine after CFDA addition and B) polymersomes encapsulating 
CalB and poly-L-lysine after CFDA addition. C) Overlay histogram of the above two dot plots. 
TEM images of sorted poly-L-lysine polymersomes 1) having low fluorescence intensity and 
2) having high fluorescence intensity.
of CFDA with polymersomes filled with enzymes and the polyelectrolyte was analyzed by 
flow cytometry (figure 7). Now, we observed two populations of polymersomes containing 
CalB and poly-L-lysine with different fluorescence intensities after the reaction with CFDA 
(figure 7B). On the other hand, polymersomes loaded with BSA and poly-L-lysine 
displayed only a single population with low fluorescence intensity (figure 7A). An overlay 
histogram shows the difference between the polymersome populations resulting from these 
two experiments (figure 7C). These experiments indicate that poly-L-lysine acts
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Figure B. Dot plot of polymersomes before 
and after reaction with CFDA. Polymersomes 
before reaction with substrate CFDA: A) 
encapsulated with DsRed and poly-L-lysine, 
and B) encapsulated with CalB and poly-L- 
lysine. Polymersomes after reaction with 
CFDA: C) encapsulated with DsRed and poly- 
L-lysine, and D) encapsulated with CalB and 
poly-L-lysine. E) Mixture of polymersomes with 
DsRed poly-L-lysine and CalB poly-L-lysine.
successfully as a trap for the fluorescent product and allows its accumulation inside the 
active polymersomes after conversion of the substrate by CalB.
To prove that the two polymersome populations depicted in figure 7B really could be 
separated, we sorted the CalB poly-L-lysine polymersomes based on their fluorescence, and 
analyzed them by electron microscopy. TEM images confirmed the presence of 
polymersomes in both the fluorescence-negative and -positive fractions (figure 7, bottom). 
These results indicate that the polymersomes can be sorted based on their catalytic activity 
while maintaining their structural integrity.
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In further experiments two different wavelengths were used for sorting. Two batches of 
polymersomes were prepared containing Discoma red fluorescent (DsRed) protein and 
poly-L-lysine and another batch containing CalB/poly-L-lysine. The two batches were 
analyzed at two wavelengths, which led to a dot plot with four gates, namely Gl for DsRed 
positive (6l0 nm), G2 for DsRed and CFDA positive (6l0 and 525 nm), G3 for DsRed 
negative and CFDA negative and G4 for DsRed negative, and CFDA positive (525 nm) 
polymersomes.
From Figure B it is clear that DsRed poly-L-lysine polymersomes are at G l and CalB 
poly-L-lysine polymersomes are at G3 before reacting with CFDA (figure BA and B). After 
reacting with CFDA, DsRed poly-L-lysine polymersomes are still at Gl showing no 
reactivity (figure BC), whereas CalB poly-L-lysine polymersomes show two populations,
i.e., at G3 (empty or non-active) and at G4 (active) (figure BD). These results confirm that 
the CalB-poly-L-lysine polymersomes are catalytically active for the conversion of the 
substrate CFDA. To validate these results, we performed the hydrolysis of CFDA with 
polymersomes in bulk. After the addition of CFDA to the polymersomes containing DsRed 
poly-L-lysine and CalB poly-L-lysine, the formation of fluorescent product was monitored 
("ex: 4B5nm/"em: 535nm) by a Wallac Victor l420 Multilabel Counter. Fluorescence product 
formation was observed for the CalB poly-L-lysine polymersomes, whereas the DsRed 
poly-L-lysine polymersomes did not show any activity (figure 9).
In a final experiment we mixed the samples (figure BC and D) and analyzed them by flow 
cytometry. It is evident from figure BE that the mixture of polymersomes with DsRed poly- 
L-lysine and CalB poly-L-lysine could be separated into two distinct populations at G l and 
G4. To check the possibility of extracting the desired polymersomes from this mixed 
population, we sorted the polymersomes into two populations, one positive for DsRed and
the other for CFDA. The obtained 
polymersomes were re-analyzed 
separately in flow cytometry and 
proved to be still positive at the 
corresponding wavelengths (figure l0).
In order to prove that we are able to 
detect the polymersomes fed into the 
flow cytometer, we did dynamic light 
scattering experiments and observed a 
small increase in size of the 
polymersomes after sorting (figure ll). 
This change might be due to a slightly 
different polymersome size distribution 
after sorting, perhaps originating from 
a minor reorganization of the
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Figure 9. Conversion of CFDA by polymersomes 
containing CalB and poly-L-lysine (■) and 
polymersomes containing DsRed and poly-L- 
lysine (•).
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Figure 10. Dot plot of sorted polymersomes. A) Re-analysis of DsRed positive 
polymersomes. B) Re-analysis of CFDA positive polymersomes.
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Figure 11. Dynamic light scattering data on polymersomes before and after flow cytometry.
polymersome membrane. We may conclude therefore that flow cytometry can be used as a 
tool for screening enzyme containing polymersomes based on their activity.
In summary, we have demonstrated that PS-PIAT polymersomes can be sorted using flow 
cytometry not only based on the encapsulation of fluorescent markers like GFP and DsRed, 
but also on the activity of encapsulated enzymes. Further studies will be aimed at 
investigating complex reactions in the micro-environment of polymersomes using flow 
cytometry. We believe that our polymersome system will prove to be advantageous in terms 
of porosity, rigidity, and complexity over existing systems such as water-oil emulsions[6] 
and liposomes.[18]
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Experimental Section
Chemicals: PS-PIAT diblock copolymer was synthesized as described earlier.!19! CalB was purchased 
from Fluka. BSA and poly-L-lysine hydrochloride were purchased from Sigma- Aldrich. 6, 8-Difluoro-4- 
methylumbelliferyl (DiFMU) octanoate and CFDA mixed isomers were purchased from Molecular 
Probes.
Encapsulation of Proteins in PS-PIAT polymersomes: Proteins were encapsulated in the inner 
aqueous compartment of polymersomes as described elsewhere.!1517! 0.5mL of 1mg mL-1 of PS-PIAT in 
THF was added drop wise to 2.5mL of a solution of the respective protein or polypeptide in Milli-Q H2O 
or in PBS buffer. CalB (final concentration 0.13 mg mL-1), BSA (final concentration 0.88 mg mL-1) and 
poly-L-lysine (final concentration 0.25 mg mL-1) were used for encapsulation. After a few hours of 
equilibration the suspension was filtered (8 x) to remove the non-encapsulated enzymes using Amicon 
Ultra Free-MC centrifugal filters (0.1-mm filter).
Enzymatic activity assay o f polymersomes: DiFMU octanoate and CFDA were used as substrates to 
determine the activity of CalB inside polymersomes. The DiFMU octanoate assay was performed as 
described previously.!17! For the CFDA assay, 100^L of PS-PIAT polymersomes containing either CalB 
poly-L-lysine or DsRed poly-L-lysine were used; 0.6^L of 10mM CFDA stock solution in DMSO was 
added. The reaction assays were performed using a 96-well plate and the fluorescent product of CFDA 
formed by hydrolysis of CalB was monitored (Aex: 485 nm/Aem: 535 nm).
TEM-imaging: Morphologies of the polymersomes were studied with the help of TEM. Samples for 
TEM were prepared by drying a drop of the polymersome suspension on a carbon-coated copper grid 
and blotting away the excess liquid with a filter paper.
Flow cytometry: Polymersomes were analyzed and sorted in a Coulter Epics Elite flow cytometer. For 
analysis and sorting, polymersomes (100 ^L) were analyzed before adding the substrate CFDA. The 
polymersomes were incubated for 30 min after addition of 10 mM CFDA (3 mL) and analyzed. The 
Coulter Epics Elite is equipped with a 488-nm excitation laser. CFDA was separated from DsRed using 
a 550-nm dichroic and CFDA was detected using a 525 ± 15-nm band pass filter. DsRed was detected 
using a 610 long pass filter. Due to spectral overlap, DsRed will emit light in the CFDA detector and 
CFDA will emit light in the DsRed detector. Electronic compensation was conducted using separated 
color controls. Data were presented in a two-dimensional dot plot between DsRed/ CFDA using FSC/ 
SSC gating to exclude larger aggregates.
Dynamic light scattering: Dynamic light scattering experiments were performed at the Delft University 
of Technology. 1 mL samples were prepared in a spherical glass cuvette. For samples before sorting, 
CalB poly-L-lysine polymersomes (100 ^L) were diluted with Milli-Q (900 ^L). Samples after sorting were 
taken without dilution. Measurements were performed at an angle of 90° and the average hydrodynamic 
radius of the aggregates was calculated by CONTIN analysis.
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7. Using PS-PEG to PEGylate Polymersomes
PEGylation, the process of covering a surface or particle with poly(ethylene 
glycol), is a common concept used to decrease the cytotoxic effects of 
surface accessible groups.^ It has been applied to almost all types of 
nanoparticles, including polymersomes. For polymersomes, PEGylation has 
been demonstrated to increase the circulation time when a dose of these 
polymeric capsules was injected in mice.[2] Our research aims to embed 
polystyrene-polyisocyanopeptide (PS-PIAT) polymersomes within cells, 
using these semiporous capsules as artificial intracellular compartments 
(chapter 8 of this thesis). Cellular uptake will be mediated by functionalised 
PS-PEG-copolymers (chapter 3 of this thesis) that are admixed with PS- 
PIAT, where the PS-PEG should carry a biological signal moiety such as a 
peptide. One possible side effect of this PS-PEG-peptide is the fact that it 
introduces a rather large amount of PEG to the polymersome’s periphery. To 
investigate the effect of this inadvertent PEGylation, we challenged 
macrophages with PS-PIAT polymersomes containing different percentages 
of PS-PEG. It was found that polymersomes containing more than 15 wt.-% 
of PS-PEG were no longer engulfed by macrophages, thus gaining so-called 
stealth behaviour. While possibly limiting the efficiency of PS-PEG- 
peptides for cellular uptake, this phenomenon does enable the creation of 
non-immunogenic PS-PIAT polymersomes.
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7.1 Introduction
PEGylation has been investigated to improve the circulation properties of many synthetic 
capsules that are brought into contact with biological materials.^ It is a common tool used 
to both decrease toxic effects of surface accessible groups, and to prevent interaction with 
the immune system by delaying opsonisationJ1- 4] PEG generally repels proteins, making 
PEGylated particles more or less invisible to their biological environments, imparting so- 
called stealth. For example, the effect of PEGylation on cationic poly(L-lysine) (PLL) 
dendrimers was tested in rats by Kaminskas et al.[5] They found prolonged plasma 
circulation and retention times for higher molecular weight (PEG 2000 MW) chains 
attached to the dendrimer, compared to the unprotected cationic macromolecule. 
Eventually, the larger dendrimers showed distribution to the spleen and liver instead of the 
lower molecular weight versions, which were still cleared via the kidneys. None of the 
PEGylated dendrimers gave evidence of hydrolytic degradation of the macromolecule, 
which might suggest that PEG tails not only grant biological invisibility, but also protect the 
core from enzymatic breakdown through their steric bulk.
Poly(propylene imine) (PPI) dendrimers were also found to show decreased cytotoxicity 
after PEGylation[6] and results from studies on polyamidoamine (PAMAM) dendrimers 
again showed decreased toxicity for both partially PEGylated dendrimers, dendrimers 
decorated with varying PEG chain lengths, and fully PEGylated ones. Yet these reports also 
described a decreased cell viability at higher concentrations when PEG 2000 MW tails were 
attached to all peripheral groups.[7] The sudden increase in toxicity might be caused by 
intramolecular aggregation of PEGylated dendrimers, breaking with the rule of thumb that 
more PEG results in less toxicity.
Next to dendrimers, polyelectrolyte layer-by-layer (LbL) microcapsules have also been 
PEGylated. Heuberger et al. used a PLL polymer randomly grafted with PEG tails (PLL-g- 
PEG).[8] These PLL-g-PEG-coated capsules adsorbed only 0.1 % of the streptavidin 
adsorbed by the same capsules without the protective copolymer layer, demonstrating the 
effective anti-fouling characteristics imparted by the PEG layer. When functionalized with 
biotinylated PLL-g-PEG, the capsules adsorbed 40 times more streptavidin than their 
unfunctionalized counterparts, as a result of the specific binding between biotin and 
streptavidin. These studies demonstrated the feasibility of controlled surface- 
immobilization of specific bio-ligands onto LbL particles even though these particles were 
PEGylated.
An early example involving biodegradable polymersomes was presented by the group of 
Feijen, who reported a variety of hydrophobic polyesters and polycarbonates, which were 
combined with PEG to form amphiphilic block copolymers.[9] The polymersomes formed 
by these building blocks were studied for up to three months and only marginal leakage of 
the cargo compound fluoresceinamine was detected. The impermeable vesicle membranes
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were expected to be completely degraded after 12 to 16 months, based on studies with pure 
PDLLA.[10] A later report described the gradual release of an encapsulated small molecule 
(carboxyfluorescein) in greater detail,[11] concluding that thicker membranes commonly 
slowed down the release rate of cargo molecules, as did higher glass transition temperatures 
of the hydrophobic leaflets. A higher temperature increased the release rate. However, the 
addition of non-albumin serum proteins to the medium slowed down the release rate, 
indicating that these biomacromolecules effectively thickened the vesicle membrane. This 
suggests that the PEGylated periphery of the polymersomes is not completely inert towards 
aspecific protein adsorption.[11]
The above observation is remarkable, since PEGylation of polymersomes does in general 
give them ‘stealth’ properties - indicating that the particle is not actively expelled from 
circulation by a living organism, and does not trigger an immune response.[3] This was 
demonstrated by a macrophage challenge experiment performed by the group of Discher,[12] 
where PBD-PEG polymersomes were brought in contact with red blood cells, but did not 
show any adhesion or invoke any cellular response. In comparison, neither did yeast 
particles exhibit any of this behaviour. This is contrasted by white blood cells, which within
2 minutes of contacting a yeast cell began to spread and actively engulfed the yeast particle, 
fully internalizing it in 4 minutes. Over the same length of time and longer PBD-PEG 
polymersomes appeared to be inert to the phagocytes. The outer PEG surface of these 
polymersomes repelled phagocyte adhesion. This property of PEGylation is the one that we 
aim to observe for PS-PIAT polymersomes that have an admixed percentage of PS-PEG, 
which we will use to challenge murine RAW macrophages.[13-15]
7.2 Experimental Part
General Procedure for Polymersome Formation
A solution of either PS200-PEG20 or PS40-PIAT50 admixed with the appropriate wt.-% of PS40-PEG65-acetylene in 
THF (0.5 mL, 1.0 g-L-1) was gently injected into ultrapure water (2.5 mL). For green fluorescent protein (GFP) 
filled polymersomes, 96pL of water was replaced by 96^L of GFP solution (3.75 gL-1 in ultrapure water). After 
equilibration for 40 h the suspension was transferred to an Amicon Ultra Free-MC centrifugal filter with a 100 nm 
cutoff and centrifuged to dryness. The polymersomes were redispersed in ultrapure water (600 ^ L) and centrifuged 
again. This step was repeated six times. The resulting vesicles were redispersed in ultrapure water (1 mL). 
Polymers and proteins were obtained as described in chapter 3 and 8.
Cell Culture Conditions
The murine macrophage cell line RAW 264.7 (American Type Culture Collection [ATCC], Manassas, VA) was 
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA) supplemented with 10% 
fetal calf serum (FCS), pyruvate, and 50 units/mL penicillin-streptomycin. HeLa cells were grown in Eagle’s 
minimal essential medium (EMEM) containing 0.5% (vol.) PenStrep, 10% (vol.) FCS and 2 mM Glutamax-L. Cell 
cultures were maintained at 37°C in a humidified incubator containing 5% CO2.
79
Macrophage Challenge Conditions
Macrophage challenges with polymersomes took place in 4-well microscopy chambers (Nunc, Wiesbaden, 
Germany) using 1 ml mouse macrophages (105 per mL, 1 mL). The cells were mixed with 50 polymersome 
suspension (0.5 gL -1) before being allowed to attach to the chamber. The chambers were cultured for 16 hours (or 
up to 6 days) at 37°C. Subsequently, they were dried, washed, fixed in methanol, mounted in mowiol 
(polysciences, Eppelheim, Germany) and covered with a coverslip.
7.3 Results and Discussion
To discern whether the presence of PS-PIAT polymersomes would elicit an effect from the 
macrophages during their culturing, the cells were cultured in medium containing 25^g of 
polymersomes. For comparison between a completely PEGylated system and a ‘bare 
naked’ one, both pure PS-PIAT and pure PS-PEG polymersomes were used. As shown in 
figure 1, only the presence PS-PIAT polymersomes led to a response from the 
macrophages: cells that were grown in the absence of polymersomes remained spherical 
(figure 1a), as did cells that were co-incubated with PS-PEG polymersomes (figure 1b). 
When the macrophages were challenged with PS-PIAT polymersomes, though, their 
morphology changed to a more dendritic shape (figure 1c). This altered appearance is a sign 
of macrophage activation and implies that the cells are undergoing a period of heightened 
phagocytic activity.[16]
While the polymersomes used in this study are visible using light microscopy, their size 
is well below the diffraction limit of conventional microscopes. This means that they show 
up as black dots that cannot be distinguished from other small structures that may be 
present in the cell, such as its own organelles. To be able to distinguish polymersomes from 
other dots, we encapsulated green fluorescent protein (GFP) in the aqueous compartment. 
Subsequently, we co-incubated both macrophages and HeLa cells with fluorescent PS- 
PAIT polymersomes, to assess these cells’ differing abilities to internalize polymersomes.
Figure 1. Transmission micrographs of murine RAW macrophages incubated for 16 
hours with no polymersomes present (a) or with 25 mg-L-1 PS-PEG polymersomes (b). 
In these cases, the cells do not show a morphological response. When PS-PIAT 
polymersomes were used (c), the macrophages became dendritic in shape.
80
Fluorescence Transmission
Figure 2. Fluorescence and transmission micrographs of HeLa cells and RAW 
macrophages co-incubated with 25 mg-L-1 PS-PIAT polymersomes loaded with GFP 
The HeLa cells do not show any intracellular fluorescence, whereas the RAW 
macrophages do so, as confirmed by the z-stack projections shown in the image.
As expected, HeLa cells did not show any response to the polymersomes, which was 
evident from the lack of fluorescent signal after 16h of co-incubation (figure 2, top). The 
macrophages, on the other hand, contained several clusters of green fluorescence, indicating 
the presence of polymersomes inside the cells. The true intracellular location of the signal 
became evident when z-stacks were acquired of the macrophages (figure 2, bottom).
Since macrophages exist to help an organism clear its bloodstream of unwanted particles, 
they have a relatively high lysosomal activity, degrading most of their engulfed prey at a 
rapid pace. To get an idea of the rate of degradation that polymersomes face inside RAW 
cells, we observed co-incubated GFP-filled polymersomes for multiple days. In this case, 
the cells were not washed prior to fixation for microscopy, to make it possible to observe 
non-internalized vesicles that remained in the sample. As shown in figure 3, there is still an 
abundance of polymersomes after two days, with a fluorescent signal visible both inside the 
cell, and in polymersomes surrounding it. In addition, these macrophages were still 
activated (i. e. they were not spherical in shape, as in figure 1a or 1b). After four days, 
however, no intracellular fluorescence could be discerned anymore, and dendritic 
macrophages were no longer present.
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Fluorescence Transmission
i Figure 3. Fluorescence and transmission micrographs of RAW macrophages co­incubated with 25 mg-L-1 GFP-loaded PS-PIAT polymersomes. After 2 days, the macrophages remain activated and still show green fluorescence. After 4 days, intracellular fluorescence has disappeared, and the cells returned to a spherical form.
Having established that PS-PIAT polymersomes become phagocytosed by macrophages, 
and PS-PEG polymersomes not, we set out to study the effect of PS4 0-PEG65 admixture in 
PS-PIAT polymersomes. To this end, we prepared mixtures of PS-PIAT and PS4 0-PEG65 
that contained 5, 10, or 20 wt.-% PS-PEG. It is expected that a higher PEG-content will 
lead to less macrophage activation and hence to polymersomes that are still porous, but not 
immunogenic. As can be seen in figure 4, polymersomes containing only 5% PS-PEG are 
still internalized by macrophages that are made active. Polymersomes with twice that 
amount of PEG seem to be able to evade the cell’s attention somewhat better, but slight 
degrees of internalization are still observed. For polymersomes with 20 wt.-% PS-PEG, no 
response from the cells is visible anymore, suggesting that an admixture of 20% is 
sufficient to grant stealth to PS-PIAT polymersomes.
I
Figure 4 (right page). Fluorescence and transmission micrographs of RAW 
macrophages co-incubated with 25 mg-L-1 GFP-loaded PS-PIAT polymersomes 
containing different wt.-percentages of admixed PS40-PEG6 5 .
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7.4 Conclusion
The studies described in this chapter indicate that the admixture of PS-PEG with PS-PIAT 
is a convenient way to create PEGylated polymersomes. We demonstrated that non- 
PEGylated PS-PIAT capsules are readily internalized by murine RAW macrophages, but 
that polymersomes consisting of pure PS200-PEG20 are not. The incremental admixture of 
PS4o-PEG65 with PS-PIAT to form hybrid polymersomes led to polymersomes with 
incrementally increasing macrophage-evasive capabilities. As shown in chapter 5, the 
admixture of PS-PEG with PS-PIAT does not hamper the ability of these hybrid 
polymersomes to function as nanoreactors. While the results described in this chapter are 
not quantitative, it can be concluded that we can create PEGylated polymersomes that will 
not be phagocytosed, leading to increased circulation times in vivo.
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8. Cellular Integration of an Enzyme-Loaded 
Polymersome Nanoreactor
Cells with Implants: A PS-PEG-peptide block copolymer was mixed with PS-PIAT to 
construct porous enzyme-loaded polymersomes that display the cell penetrating peptide tat
on their surfaces. These nanoreactors are taken up by mammalian cells through
macropinocytosis. Inside the cells, the polymersomes are only partially routed to acidic 
compartments. With HRP as a model cargo enzyme, the polymersomes displayed a 
sustained intracellular activity.
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P ro te in  th e ra p y  a im s  to  u s e  in  v itro  p ro d u c e d  p ro te in s  to  in tra c e l lu la r ly  re p la c e  o r  
c o m p le m e n t fa u lty  o n e s ,[1] m a k in g  i t  a  p ro m is in g  s tra te g y  to  f ig h t p ro te in  d e f ic ie n c y  
d is e a s e s .[2] U n fo r tu n a te ly , th e  h u rd le s  a  p ro te in  m u s t  ta k e  to  re a c h  its  th e ra p e u tic  e ffe c t 
h a v e  h a m p e re d  c lin ic a l a p p lic a tio n s . M a n y  p ro te in s  su ffe r  f ro m  p o o r  in  v iv o  sta b ility , a n d  
c e l lu la r  u p ta k e  a n d  d ire c te d  in tra c e l lu la r  tra ff ic k in g  a re  h a rd  to  a c h ie v e .[3] D u e  to  th e se  
i s su e s ,  th e  su c c e ss  o f  p ro te in  th e ra p y  is  l im ite d  to  a  sm a ll s e t  o f  ly so so m a l d is e a s e s ,[3-4] fo r  
w h ic h  d e liv e ry  e ff ic ie n c y  is  s till  lo w , c o s ts  a re  h ig h , a n d  lo n g - te rm  e ffic ie n c y  h a s  n o t  y e t 
b e e n  e s ta b lish e d .
A  w a y  to  o v e rc o m e  so m e  o f  th e s e  l im ita t io n s  is  to  c o u p le  th e ra p e u tic  p ro te in s  to  ce ll 
p e n e tra t in g  p e p tid e s  (C P P s)  w h ic h  p ro m o te  th e  c e l lu la r  u p ta k e  o f  th e ir  l in k e d  c a rg o e s .[4] I t  
h a s  b e c o m e  c le a r , h o w e v e r , th a t  m o s t  C P P -m e d ia te d  u p ta k e  o f  p ro te in s  o c c u rs  v ia  
e n d o c y to s is .  P o o r  re le a s e  f ro m  th e  e n d o so m e  a n d  p ro te o ly t ic  b re a k d o w n  h a v e  b e e n  
id e n tif ie d  a s  m a jo r  fa c to rs  l im itin g  th e  b io lo g ic a l  a c t iv ity  o f  d e liv e re d  m o le c u le s .[2] 
P ro te c t io n  m a y  b e  a c h ie v e d  b y  e n c a p su la t io n  o f  u n m o d if ie d  p ro te in s  in s id e  d e liv e ry  
v e h ic le s  su c h  a s  l ip o s o m e s  th a t  d isp la y  C P P s . [ 5  O n c e  in s id e  th e  c e ll , th e  e n z y m e  is 
re le a s e d . H o w e v e r , in s id e  th e  c y to p la sm , th e  l if e t im e  o f  a n  e n z y m e  m a y  b e  l im ite d  b y  
d e n a tu ra t io n  o r  d e g ra d a tio n .
& C e lls  o f te n  u s e  c o m p a r tm e n ta l iz a t io n  to  o rg a n iz e , iso la te , o r  p ro te c t  e n z y m e s , w h ic h  
p ro v id e s  o p tim a l c o n d it io n s  fo r  sp e c if ic  c e l lu la r  re a c tio n s . I n  c o m p a r tm e n ts , e .g . o rg a n e lle s , 
re a c ta n ts  a re  e x c h a n g e d  b y  d iffu s io n , th ro u g h  c h a n n e ls , o r  b y  tra n s p o r te r  m o le c u le s . 
T h e re fo re , i t  s ta n d s  to  re a s o n  th a t  th e  in tro d u c tio n  o f  n e w  p ro te in  fu n c tio n a li ty  to  a  c e ll  m a y  
b e  b e s t  a c h ie v e d  b y  d e liv e r in g  th e  b io m a c ro m o le c u le  e n c a p su la te d  in  a  p o ro u s  sh e l l ,[6] 
m im ic k in g  a n  o rg a n e lle . T o  b e  su ite d  fo r  p ro te in  th e ra p y , th is  a r tif ic ia l  c o m p a r tm e n t sh o u ld  
b e  s ta b le  in  th e  b lo o d s tre a m  a n d  c a p a b le  o f  c e l lu la r  u p ta k e . F u r th e rm o re ,  i t  s h o u ld  o f fe r  
p ro te c tio n  a g a in s t p ro te a se s  b u t  b e  p e rm e a b le  to  th e  su b s tra te s  a n d  p ro d u c ts  o f  its  c a rg o .
H e re , w e  d e sc r ib e  th e  p re p a ra tio n  a n d  c e l lu la r  u p ta k e  o f  e n z y m e - lo a d e d  p o ly m e rso m e  
c a p s u le s , a n d  w e  re p o r t  o n  th e  in tra c e l lu la r  ro u tin g  a n d  a c t iv ity  o f  th e s e  n a n o -o b je c ts  in  
m a m m a lia n  c e lls . C e llu la r  in te rn a l iz a t io n  o f  th e  c a p su le s  is  m e d ia te d  b y  th e  C P P  ta t  l in k e d  
to  th e ir  s u r fa c e s .[7]
P o ly m e rs o m e s  a re  s e lf -a s s e m b le d  v e s ic le s  m a d e  f ro m  b lo c k  c o p o ly m e rs  a n d  m a y  b e  
re g a rd e d  as s ta b le  a lte rn a tiv e s  to  l ip o s o m e s .[8] T h e y  h a v e  d im e n s io n s  in  th e  n a n o m e te r  
ra n g e , a  s iz e  c o n s id e re d  to  b e  su ita b le  fo r  in  v iv o  a p p l ic a t io n s .^  T h e ir  p ro p e r t ie s  c a n  b e  
e n g in e e re d  b y  c h a n g in g  th e ir  c o n s t itu e n t  p o ly m e rs . A s  i l lu s tra te d  in  S c h e m e  1, w e  p re s e n t  
h e re  a  p o ly m e rso m e  w ith  a  se m i-p o ro u s  m e m b ra n e  b a s e d  o n  p o ly s ty re n e 4 o -b lo ck -p o ly [L - 
is o c y a n o a la n in e ( 2 - th io p h e n - 3 -y l-e th y l)a m id e ] 5 o (P S -P IA T , 1 ).[10] E n z y m e -f i l le d  P S -P IA T  
p o ly m e rso m e s  h a v e  b e e n  re p o r te d  a s  e f f ic ie n t n a n o re a c to rs ,[11] c a p a b le  o f  p ro te c tin g  th e ir  
c o n te n ts  f ro m  p ro te o ly t ic  d e g ra d a tio n .[12] T o  p ro m o te  th e  c e l lu la r  u p ta k e  o f  su c h  a  
n a n o re a c to r , a n  a z id e -c o n ta in in g  v e rs io n  o f  ta t  w a s  c o v a le n tly  l in k e d  to  a  p o ly s ty re n e -  
b lo c k -p o ly (e th y le n e  g ly c o l) -o x a n o rb o rn a d ie n e  (P S -P E G -c rD A , 2 ) u s in g  a  C u -f re e  ta n d e m
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Scheme 1. a) Structures and 
cartoon representations of the 
used polymers; b) In our strategy, 
10 wt.-% of 3 was mixed with 1 to 
produce porous tat-functionalized 
polymersomes loaded with protein.
c y c lo a d d it io n - re tro -D ie ls -A ld e r  (c rD A ) ‘c l ic k ’ re a c tio n .[13] C o a s se m b ly  o f  10 w t.-%  P S - 
P E G -ta t  (3 ) w ith  P S -P IA T  th u s  c o n s tru c te d  a  ta t-p re s e n tin g  n a n o -c a p su le ,  h e re in a f te r  
re fe r re d  to  as a  ta t-p o ly m e rso m e  (S c h e m e  1).
F ig u re  1 sh o w s tra n s m is s io n  e le c tro n  m ic ro sc o p y  (T E M ) im a g e s  o f  p o ly m e rso m e s  
p re p a re d  in  h e p e s -b u ffe re d  sa lin e  (H B S ) c o n ta in in g  e ith e r  g re e n  f lu o re s c e n t p ro te in  (G F P , 
1a) o r  h o rse ra d ish  p e ro x id a se  (H R P , 1b , c ) . N e ith e r  th e  h a n d lin g , th e  a g g re g a tio n  b e h a v io r , 
n o r  th e  sp h e ric a l m o rp h o lo g y  o f  th e  p o ly m e rso m e s  w a s  in f lu e n c e d  b y  th e  a d m ix tu re  o f  3 , 
w h ic h  is in  lin e  w ith  p re v io u s  re su lts  fo r  P S -P E G -e n z y m e  c o n ju g a te s .[14] T h e  ta t-  
p o ly m e rso m e s  h a d  a n  a v e ra g e  d ia m e te r  o f  114 + /- 2 8  n m  (F ig u re  2 ), w ith  n o  o b v io u s  s ize  
v a r ia tio n  b e tw e e n  th e  p o ly m e rso m e s  w ith  d if fe re n t  p ro te in  c o n te n ts . T h is  d e m o n s tra te s  th a t  
th e  ta t-p o ly m e rso m e s  p ro v id e  a  m o d u la r  p la tfo rm  fo r  p ro te in  a n d  e n z y m e  e n c a p su la t io n .
T o  in v e s tig a te  w h e th e r  ta t  w o u ld  in d u c e  e ffic ie n t c e llu la r  u p ta k e , u n m o d if ie d  
p o ly m e rso m e s  a n d  ta t-p o ly m e rso m e s , b o th  lo a d e d  w ith  G F P , w e re  in c u b a te d  w ith  a  v a r ie ty  
o f  ce ll lin e s  (H e L a , J u rk a t  a n d  H E K  2 9 3 ) . T o  th is  p o in t,  d ire c te d  c e l lu la r  u p ta k e  o f
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Figure 1. Transmission electron micrographs of PS-PIAT polymersomes prepared in HBS. a) GFP- 
loaded, with 10 wt.-% 3; b) HRP-loaded; c) HRP-loaded, with 10 wt.-% 3. Scale bars: 1 pm.
Minimum 74
Maximum 169
Average 114
Standard Deviation 27.7
170.0
m u
Figure 2. Size analysis of a representative transmission electron micrograph of PS-PIAT polymersomes 
with 10 wt.-% PS-PEG-tat (3), loaded with HRP.
p o ly m e rso m e s  w a s  re s tr ic te d  to  c e lls  w ith  h ig h  p h a g o c y tic  a c tiv ity , i. e . th e  in tr in s ic  a b ili ty  
to  e n g u lf  la rg e  p a r tic le s .[15] A s  sh o w n  in  F ig u re  3 , ta t-p o ly m e rso m e s  w e re  ta k e n  u p  b y  a ll 
th re e  ce ll ty p e s . N o  in te rn a l iz a t io n  o f  u n m o d if ie d  p o ly m e rso m e s  w a s  d e te c te d . T h e s e  
re su lts  w e re  c o rro b o ra te d  b y  flo w  c y to m e try  (F ig u re  4 ) . R e s id u a l f lu o re sc e n c e  c o u ld  b e  
a ttr ib u te d  to  e x tra c e l lu la r  p o ly m e rso m e s  th a t  h a d  n o t  b e e n  w a sh e d  aw ay . H a v in g  
e s ta b l ish e d  th e ir  e ff ic ie n t in te rn a l iz a t io n , w e  se t o u t  to  in v e s tig a te  th e  ro u te  o f  u p ta k e .
A rg in in e - r ic h  p e p tid e s  l ik e  ta t  a re  a  c la ss  o f  C P P s  fo r  w h ic h  e n d o c y to s is  is k n o w n  to  
b e  im p o r ta n t, a n d  m a c ro p in o c y to s is  is th e  e n d o c y tic  p a th w a y  th a t  h a s  b e e n  m o s t  re g u la r ly  
a s so c ia te d  w ith  th e ir  c e l lu la r  u p ta k e .[16] A lso ,  g iv e n  th e  a v e ra g e  s ize  o f  th e  p re se n t  
p o ly m e rso m e s  (1 1 4  n m ), m a c ro p in o c y to s is  c a n  b e  e x p e c te d  to  b e  th e  m o s t  p ro m in e n t  
m e c h a n ism  f o r  th e ir  u p ta k e , a s s iz e - re s tr ic tio n s  a re  ty p ic a lly  a s c r ib e d  to  o th e r  p a th w a y s .[17]
T o  a d d re ss  th e  in v o lv e m e n t o f  m a c ro p in o c y to s is  in  u p ta k e , H e L a  c e lls  w e re  in c u b a te d  
w ith  G F P -lo a d e d  p o ly m e rso m e s  a n d  f lu o re sc e n tly  la b e le d  d e x tra n , a  p o ly sa c c h a r id e  th a t  is 
a  m a rk e r  f o r  m a c ro p in o c y to s is . In c u b a tio n  w a s  lim ite d  to  25  m in u te s  to  p re v e n t  e n d o so m a l 
m ix in g  a n d  e n su re  th a t  c o lo c a l iz a t io n  d id  in d e e d  re s u lt  f ro m  e n d o c y to s is  a lo n g  a  sh a re d  
u p ta k e  ro u te . C e lls  c o - in c u b a te d  w ith  b o th  G F P -lo a d e d  ta t-p o ly m e rso m e s  a n d  T ex a s  R e d ­
la b e le d  d e x tra n  (7 0  k D a ) sh o w e d  a  p ro m in e n t  T ex a s  R e d  flu o re sc e n c e . T h e  G F P  s ig n a l th a t
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Figure 3. Confocal micrographs of 
different cell types incubated with 
GFP-loaded polymersomes with 
or without tat. Scale bar: 10 ^m.
Figure 4. Quantification of 
the cellular uptake of tat- 
po lym ersom es by flow  
cytometry. The bars indicate 
the average normalized 
m e d ia n  v a lu e  o f tw o  
independent experiments, 
w i t h t h e e r r o r b a r s 
indicating their difference. 
a) The up take o f ta t- 
polymersomes by different 
c e ll lin e s  at d if fe re n t 
concentra tions after 4h 
incubation at 370C. b) The 
e f f e c t  o f  i n c r e a s i n g  
concentrations of dextran 
on the  uptake of  tat -  
polymersomes after 25 min 
incubation at 37°C.
a)
Relative 
fluorescence / % 25 -
b)
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25 50 25 50 25 50
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a) b) c)
Figure 5. Confocal micrographs of HeLa cells incubated with a) GFP-loaded tat-polymersomes and 
Texas Red-labeled dextran (70kDa); b) GFP-loaded tat-polymersomes; c) GFP-loaded polymersomes 
and Texas Red-labeled dextran (70kDa). Scale bar: 20 pm.
w a s  d e te c te d  w a s  lo w , b u t  c o lo c a liz e d  w ith  th e  d e x tra n  s ig n a l (F ig u re  5). N e x t  to  th e  
c o lo c a liz a t io n , u p ta k e  th ro u g h  a  c o m m o n  ro u te  w a s  su p p o r te d  b y  tw o  fu r th e r  o b se rv a tio n s . 
F irs t ,  w ith  ta t- f re e  p o ly m e rso m e s , T ex as  R e d  f lu o re s c e n c e  w a s  g re a tly  re d u c e d , in d ic a tin g  
th a t  ta t-p o ly m e rso m e s  in d u c e d  th e  u p ta k e  o f  d e x tra n  (F ig u re  5c). S e c o n d , d e x tra n  in h ib ite d  
th e  u p ta k e  o f  p o ly m e rso m e s , as c a n  b e  c o n c lu d e d  f ro m  c o m p a r is o n  o f  G F P  f lu o re s c e n c e  in  
F ig u re s  5 a  a n d  5 b , a n d  f ro m  th e  f lo w  c y to m e try  re su lts  (F ig u re  4).
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N e x t, w e  in v e s tig a te d  th e  fa te  o f  ta t-p o ly m e rso m e s  a f te r  th e ir  u p ta k e  in to  c e lls . A  
f re q u e n tly  o b se rv e d  tra ff ic k in g  ro u te  fo r  c e l l-p e n e tra tin g  p e p tid e s  le a d s  to  la te  e n d o so m e s  
a n d  ly s o s o m e s .[18] T h e s e  c o m p a r tm e n ts  h a v e  a n  a c id ic  p H  a n d  c a n  b e  la b e le d  by  
L y so tra c k e r  R ed . A f te r  in c u b a tio n  o f  H e L a  c e lls  w ith  ta t-p o ly m e rso m e s  fo r  fo u r  h o u rs , a  
c o n s id e ra b le  f ra c t io n  o f  th e  G F P  sig n a l c o lo c a liz e d  w ith  a c id ic  v e s ic le s  (F ig u re  6 ). A n  
a lm o s t  e q u a lly  la rg e  p o p u la tio n  o f  G F P -c o n ta in in g  p u n c tu a te  s tru c tu re s  re ta in e d  a  n e u tra l 
p H , in d ic a te d  b y  th e  la c k  o f  L y so tra c k e r  s ta in in g . I t  is u n c le a r  w h e th e r  th is  in d ic a te s  th a t  
p o ly m e rso m e s  w e re  re ta in e d  in  n o n -a c id ic  v e s ic le s , a s  re p o rte d  fo r  ta t-c a rg o  c o n s tru c ts , ^ 9  
o r  w h e th e r  th e  a b se n c e  o f  c o lo c a liz a t io n  in d ic a te s  c y to s o lic  d e liv e ry . B o th  o p tio n s  w o u ld  be  
a d v a n ta g e o u s  fo r  th e  u se  o f  p o ly m e rso m e s  in  p ro te in  th e ra p y , a s  th e y  a v o id  a c id ific a tio n .
Figure 6. Confocal micrographs of HeLa cells incubated with GFP-loaded tat-polymersomes and 
Lysotracker Red. Scale bar: 20 pm.
T h e  e f fic ie n t u p ta k e  o f  ta t-p o ly m e rso m e s  th ro u g h  m a c ro p in o c y to s is  a n d  th e ir  m e re ly  
p a r tia l  c o lo c a liz a t io n  w ith  a c id ic  v e s ic le s  a re  p ro m is in g  s ta r tin g  p o in ts  fo r  th e  in tro d u c tio n  
o f  e n z y m e - lo a d e d  n a n o re a c to rs  in to  c e lls . W e p re v io u s ly  re p o rte d  a  v a r ie ty  o f  n a n o re a c to rs  
c o n ta in in g  d if fe re n t  e n z y m e s , o n e  o f  w h ic h  w a s  h o rse ra d ish  p e ro x id a se  (H R P ) .[12,20] A  
su b s tra te  th a t  is n e u tra l  u n d e r  p h y s io lo g ic a l c o n d it io n s  b o th  p r io r  to  a n d  a f te r  o x id a tio n  by  
H R P  is 3 3 ’ ,5 ,5 ’- te tra m e th y lb e n z id in e  (T M B , 4).[21] I t  c a n  d if fu se  th ro u g h  m o s t  l ip id -b a se d  
m e m b ra n e s , m a k in g  T M B  in  th e  c u ltu re  m e d iu m  in tra c e l lu la r ly  a v a ila b le . T h e  o x id a tio n  
p ro d u c t  o f  T M B  is e a s ily  d e te c te d  b y  m e a su r in g  its  a b so rb a n c e  ( "  =  3 7 0  n m ).
91
F ig u re  7. R e p r e s e n t a t i v e  
transm ission m icrographs of 
HeLa cells contain ing HRP- 
loaded tat-polymersomes after 30 
min. of TMB (4 ) conversion. The 
scale bars approximate 30 !m .
T o a sse ss  th e  a b ili ty  o f  p o ly m e rso m e  n a n o re a c to rs  to  fu n c tio n  in s id e  c e lls ,  w e  
in c u b a te d  H e L a  c e lls  w ith  H R P -lo a d e d  ta t-p o ly m e rso m e s  fo r  fo u r  h o u rs  to  a llo w  th e ir  
in te rn a l iz a t io n . T h e  c e lls  w e re  th e n  w a sh e d  a n d  in c u b a te d  w ith  T M B  (1 2 0  # g  m L -1) a n d  
H 2 O 2  (2 5 0  ^ M ) .  V isu a l in sp e c tio n  o f  th e  sa m p le s  re v e a le d  th e  in tra c e l lu la r  a c tiv ity  o f  H R P  
b y  th e  a p p e a ra n c e  o f  a  b lu e  c o lo r. M ic ro sc o p y  sh o w e d  th a t  th e  s ta in  e m a n a te d  f ro m  th e  
c e l ls ,  le a d in g  to  th e  fo rm a tio n  o f  p re c ip ita te s  (F ig u re  7 ) . T h e  ra te  a t w h ic h  T M B  w a s 
c o n v e r te d  w a s  l in e a r ly  d e p e n d e n t  o n  th e  a d m in is te re d  d o sa g e  o f  p o ly m e rso m e s  (F ig u re  8 ) .
Figure 8. Dose-dependence of the rate of 
TMB conversion by polymersome-loaded 
cells on the concentration of the tat- 
polymersome dispersion that was used to 
load the cells. [100% reflects 167 ^g/mL 
(po lym er / medium)] Conversion was 
measured after 30 minutes and standardized 
to 100% for 100%; “Free HRP” denotes cells 
treated with HRP that was not encapsulated 
in tat-polymersomes.
T h is  d e m o n s tra te d  th a t  th e  a s sa y  p ro v id e d  th e  p o s s ib i l ity  to  q u a n ti ta t iv e ly  a sse ss  
c e l lu la r  H R P  ac tiv ity . T h e re fo re ,  w e  n e x t in v e s tig a te d  h o w  lo n g  in tra c e l lu la r  a c tiv ity  o f  
H R P -lo a d e d  ta t-p o ly m e rso m e s  p e rs is te d  o v e r  tim e . F o u r  h o u rs  a f te r  in te rn a liz a t io n , 7 5 %  o f  
th e  o r ig in a l a c tiv ity  w a s  s till p re se n t.  A f te r  16 h o u rs ,  4 2 %  o f  th e  o r ig in a l a c tiv ity  w a s  
p re se rv e d  (F ig u re  9 a ). T h e s e  re su lts  sh o w  th a t  th e  p o ly m e rso m e -b a se d  a p p ro a c h  m a in ta in e d  
a c t iv ity  to  a  m u c h  h ig h e r  d e g re e  th a n  w h a t  w a s  re p o rte d  fo r  f re e  H R P  tra f f ic k e d  to  
ly so so m e s , w h ic h  a c h ie v e d  a  ly so so m a l h a lf - l i fe  o f  ~1 h o u r .[22] T h e  h a lf - l ife  o f  H R P  
e n c a p su la te d  in  P S -P IA T  p o ly m e rso m e s  in  b u ffe r  is 15 d a y s .[12] T o  id e n tify  w h y  th e  H R P  
a c tiv ity  d e c re a s e d  o v e r  t im e , w e  te s te d  th e  e ffe c ts  o f  c h lo ro q u in e  a n d  n o rd ih y d ro g u a ia re t ic  
a c id  (N D G A ) o n  o u r  sy s te m . B o th  c o m p o u n d s  c a n  in d u c e  th e  re le a s e  o f  e n d o so m a l 
c o n te n ts  in to  th e  c y to p la s m .[1823] I f  th e  o b se rv e d  d e c re a s e  w a s  d u e  to  d e g ra d a tio n  o f  th e  
e n z y m e  m o le c u le s  in  a n  a c id ic  e n v iro n m e n t o r  e n d o so m a l re c y c lin g  a n d  c e l lu la r  re le a s e , 
th e n  th e se  c o m p o u n d s  sh o u ld  in c re a s e  H R P  ac tiv ity . H o w e v e r , n o n e  o f  th e m  e x h ib ite d  a
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Figure 9. Activity of intracellular HRP-loaded tat-polymersomes over time (“control” denotes HRP- 
loaded polymersomes without 3). a) TMB conversion at various points of time after cell uptake; b) The 
effect of chloroquine and NDGA; cells were pulsed with chloroquine or NDGA during the final hour of 
incubation.
p ro n o u n c e d  e f fe c t (F ig u re  9 b ). T h e  re a so n  fo r  th e  d e c re a s e  in  H R P  a c tiv ity  is th e re fo re  
u n k n o w n  a t p re se n t.
In  su m m a ry , w e  h a v e  d e s ig n e d  a  p o ly m e rso m e  n a n o re a c to r  th a t  is c a p a b le  o f  e n te r in g  
c e l ls ,  w e re  i t  c a n  in d u c e  in tra c e l lu la r  c a ta ly s is . T o  th is  p o in t,  th e  c e l lu la r  d e liv e ry  o f  
p o ly m e rso m e s  w a s  re s tr ic te d  to  c e lls  w ith  a n  in tr in s ic a l ly  h ig h  p h a g o c y tic  a c tiv ity . T h e  
c a ta ly t ic  a c tiv ity  c o n fe r re d  to  th e  c e lls  w a s  m a in ta in e d  a t  le v e ls  th a t  w e re  s ig n if ic a n tly  
h ig h e r  th a n  th o se  re p o rte d  fo r  so lu b le  e n z y m e s . T h e  re su lts  th e re fo re  re p re se n t  a  s ig n if ic a n t 
s te p  to w a rd s  a  fu n c tio n a l  a rtif ic ia l o rg a n e lle .
Keywords: bioorganic chemistry • cell-penetrating peptides • 
nanotechnology • polymersomes
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Experimental Section
Synthetic procedures
Polystyrene40-block-poly[L-isocyanoalanine(2-thiophen-3-yl-ethyl)amide]50 (PS-PIAT, 1) was a gift of 
Hans-Peter M. de Hoog and prepared as previously described.[24] Azido-tat was a kind donation by 
Morten Borre Hansen and synthesized using standard solid phase peptide synthesis protocols 
(sequence: N3-YGRKKRRQRRRGC(acm)-NH2). The azide moiety was introduced through diazo 
transfer to the N-terminus while the peptide was still on the resin. Other chemicals, methods and 
instrumentation were previously reported.[11a] GFP was expressed as previously reported.[25]
solvent and drying in vacuo, S1 was obtained as a yellow oil, all of which was used to subsequently 
prepare S2. 1H NMR (400 MHz, CDCh): 5 = 1.32 (m, 3H), 2.00 (d, 3H), 4.29 (m, 2H), 5.31 (d, 1H), 5.57 
(d, 1H), 6.58 (d, 1H); HRMS (EI+) m/zcalcd for C 10H10F3O3 [M+H]+ 234.0506, found 234.050
white wax (0.4575 g, 38% over two steps) 1H NMR (400 MHz, CDCh): 5 = 2.00 (d, 3H), 5.34 (d, 1H), 
5.59 (d, 1H), 6.59 (d, 1H); HRMS (EI+) m/z calcd for C 8H6F3O3 [M+H]+ 206.0191, found 206.019
which it was washed with brine (6x) and evaporated to dryness. The product was dissolved in DMF (60 
mL) and sodium azide (NaN3 , 6 equiv., 1.35 g, 20.4 mmol) was added. This mixture was left to stir for 16 
hrs at room temperature, concentrated in vacuo, dissolved in CH 2Cl2 and washed with brine (3x). 
Afterwards, the product was isolated by precipitation in hexane and dried in vacuo to obtain S3 as a 
white powder (5.0 g, 49%) GPC: Mn: 2.9 kg mol-1, Mw: 3.0 kg mol-1, Mw/Mn: 1.04; 1H NMR (400 MHz, 
CDCls): 5 = 3.31 (t, 4H), 3.4-3.9 (b, ~260H); FTIR-ATR: 3550, 2859, 2098 (v N3), 1636 cm-1
(5/6)-Methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2- 
O F 3  carboxylic acid ethyl ester (S1)
Ethyl 2-fluorobut-2-ynoate (0.9101 gr, 5.47 mmol) was added to a Schlenk 
tube and fitted with a stopper, evacuated and backfilled with N2. 3- 
Methylfuran (1.2 equiv., 514 |iL, 6.57 mmol) was added to the reaction 
vessel, which was then heated to 40°C and left to stir for 4 days. The 
resulting mixture was purified by column chromatography (ether/pentane, 
1:4 v/v, Rf-values: 0.56 (S1), 0.14 (methylfuran)). After evaporation of the
CF:
(5/6)-Methyl-3-trifluoromethyl-7-oxa-bicyclo[2.2.1]hepta-2,5-diene-2- 
carboxylic acid (S2)
O
All product resulting from the synthesis of S1 was dissolved in THF (30 mL) 
and kept at 0°C. Aqueous NaOH (13 mL, 1 m) was dripped to the solution 
over a period of 30 min., after which the reaction mixture was allowed to 
warm to room temperature and stirred for another 2 hrs. It was then washed 
with EtOAc (3x) and dried (MgSO4). The resulting mixture was co­
evaporated with CH 2Cl2 twice and dried in vacuo, yielding S2 as an off-
a-u-Poly(ethylene glycol)65-diazide (S3)
Dihydroxy-PEG65 (10.2 g, 3.4 mmol) was dissolved in CH 2Cl2 (30 
mL) and Et3N (10 equiv., 4.74 mL, 34 mmol) was added under 
stirring. After one min., mesonyl chloride (MeSO2Cl, 10 eq, 2.62 mL, 
34 mmol) was dripped to the solution and it was left to stir for 16 hrs. 
The reaction was quenched by addition of CH 2Cl2 (40 mL), after
a-u-Poly(ethylene glycol)65-diamine (S4)
S3 (5.372 g, 1.79 mmol) was dissolved in THF (40 mL), to 
which PPh3 (10 equiv., 4.70 g, 17.9 mmol) was added. After 16 
hrs, the reaction was quenched with ultrapure water and the
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solvent was evaporated in vacuo. The residue was suspended in ultrapure water and filtered through a 
hyflo-plug. After repeated suspension and filtration, lyophilisation yielded S4 (2.808 g (52.3%) with 2% 
PPhsO) as a white powder. 1H NMR (400 MHz, CDCh): 5 = 2.86 (t, 4H), 3.50 (t, 4H) 3.4-3.9 (b, ~256H); 
FTIR-ATR: 3550, 2859, 2127, 1636, 1470, 1440 cm-1
CF3 o O CF3
a - u - P o ly ( e t h y le n e  g l y c o l ) 6 5 - 
dioxanorbornadiene (S5)
S4 (0.68 g, 0.23 mmol) and S2 (1.1 
equiv., 0.11 g, 0.5 mmol) were dissolved 
in CH 2Cl2 (5 mL). DMAP (2.2 equiv.,
0.125 g, 1 mmol) was added, and the 
mixture was cooled to 0°C. EDC (1.1 
equiv., 0.1 g, 0.5 mmol) was added to 
the solution, which was left to stir for 1h. It was then allowed to return to room temperature and stirred 
for an additional 16 hrs. The mixture was washed with aqueous HCl (1m, 2x) and with brine (2x). The 
combined HCl layers were washed with CH 2Cl2, after which the combined organic layers were 
concentrated in vacuo. The residue was dissolved in CH 2Cl2 and washed with an aqueous NaHCO3 
solution (5%, 1x) to remove traces of acid. The product was then lyophilized from ultrapure water to 
obtain S5 as a white solid (0.504 g, 65%). 1H NMR (400 MHz, CDCh): 5 = 1.98 and 2.16 (s, 3H), 2.88 
and 2.95 (d, 2H), 3.4-3.9 (b, ~256H), 5.35 (d, 1H), 5.52 (d, 1H)
a-Bromo-u-methyl-polystyrene38 (S 6)
CuBr (141.7 mg, 1 mmol) was added to a Schlenk tube, which was evacuated 
and backfilled with argon three times. A solution of distilled styrene (80 equiv., 
8994 |il, 80 mmol), anisole (4 equiv., 426.6 |il, 4 mmol), PMDETA (1 equiv.,
205.1 |il,1 mmol) and a-methylbenzyl bromide (initiator, 1 equiv., 135.4 |il,1 
mmol) was added to the Schlenk tube and stirred. The mixture was allowed to 
react at 90°C until the conversion was 50% (monitored by NMR and GPC 
analysis). The reaction was quenched by rapid cooling and the product was 
precipitated in methanol. The resulting solid was dissolved in toluene and precipitated in methanol twice 
and subsequently dried in vacuo. S 6  was obtained as a white powder (4.262 g, 97%). 1H NMR (400 
MHz, CDCls): 5 = 1.04 (b, 3H), 1.2-2.3 (b, ~114H), 4.45 (b, 1H), 6.3-7.3 (b, ~190H); FTIR-ATR: 3026, 
2919, 2845, 2358, 2243, 1942, 1872, 1802, 1600 cm-1; GPC: Mn: 3510, Mw: 3803, PDI: 1.05
Br
37
N3
37
a-Azido-u-methyl-PS38 (S7)
S 6  (2.118 g, 0.54 mmol) was dissolved in DMF (40 mL) and heated to 80°C. 
NaN3 ( 1 0  equiv., 375.1 mg, 5.4 mmol) was added to the solution, which was 
left to react overnight. The solvent was evaporated and the residue was 
redissolved in CH2Cl2 and filtered using a paper filter. The volume of the 
mixture was reduced in vacuo and the product was precipitated in methanol. 
The resulting N3-PS39-Me (7) was obtained as a white powder (1.93 g, 91%). 
1H NMR (400 MHz, CDCh): 5 = 1.04 (b, 3H), 1.2-2.3 (b, ~114H), 3.95 (b, 1H), 
6.3-7.3 (b, ~190H); FTIR-ATR: 3028, 2915, 2363, 2103 (v N3), 1714, 1597, 
1489, 1464, 1066, 1018, 754, 698 cm-1; GPC: Mn: 3934, Mw: 4278, PDI: 1.08
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M e-polystyrenew-block- 
poly(ethylene glycol)65- 
oxanorbornadiene (2)
PS S7 (268 mg, 0.0536 
mmol) and PEG S5  (1.6 
equiv., 293 mg, 0.085 
mmol) were dissolved in 
distilled THF (10 mL) and 
stirred for 10 days at 40°C. 
After evaporation of the 
solvent the crude reaction 
mixture was separated by silica column chromatography (eluents CH 2Cl2 and MeOH, from 1:0 to 4:1 v/ 
v). Repeated precipitation in ultrapure water yielded 2 as a white powder (22.6 mg, 5.1%). 1H NMR (400 
MHz, CDCls): 5 = 1.2-2.3 (b, ~114H), 3.4-3.9 (b, ~256H), 5.12 and 5.34 (s, 2H, oxanorbornadiene
M e -p o ly s t y r e n e 5 0 -  
b lo c k -p o ly (e th y le n e  
glycol)65-block-tat (3)
Azido-tat (1.12 equiv., 
4.95 mg, 3.18 umol) and 
2 (22.6 mg, 2.83 umol) 
were dissolved in DMF 
(2 mL) and stirred for 30 
days at 40°C. The crude 
reaction mixture was 
concentrated in vacuo 
and purified by size
exclusion chromatography (Biobeads column in DMF). After concentration in vacuo and lyophilisation 
from dioxane, 3 was obtained as a white solid (18.8 mg, 69.5%). 1H NMR (400 MHz, CDCh): 5 = 1.2-2.3 
(b, ~114H), 3.4-3.9 (b, ~256H), 6.3-7.3 (b, ~190H) (numerous small peaks for tat are visible. The 
bridging protons of oxanorbornadiene from 2 had disappeared, indicating full conversion); GPC: Mn: 
6807, Mw: 7174, PDI: 1.04. Staining on TLC  plates with chlorine-TDM was positive for amines.
tBuO-polystyrene50-block-poly(ethylene glycol)65-block-tat using Cu(II)-catalysis (S8)
Azido-tat (5.18 mg, 3.33 umol), P S 50-PEG 65-acetylene (1.6 equiv., 41.6 mg, 5.2 umol, for synthesis, see 
refl14l), CuBr (6 equiv., 6.76 mg, 0.047 mmol) and PMDETA (6 equiv., 10.13 uL, 0.047 mmol) were 
dissolved in THF/H2O (2:1 v/v, 3 mL) and stirred for 4 days. After 2 days, sodium ascorbate was added 
(6 equiv., 4 mg, 0.02 mmol). After 3 days the reaction mixture was evaporated and the crude product 
was purified by silica column chromatography (CH2Cl2/MeOH, 3:1 v/v). Lyophilisation yielded a mixture 
of S8 (33%) and unreacted PS-PEG as an off-white solid (22.5 mg, 72%). 1H NMR (400 MHz, CDCl3): 5 
= 1.2-2.3 (b, ~150H), 3.4-3.9 (b, ~260H), 6.3-7.3 (b, ~250H) (numerous small peaks for tat are visible); 
FTIR-ATR: 3442, 3018, 2915, 2867, 1942, 1869, 1774, 1722, 1644, 1597, 1489, 1445, 1346, 1290, 
1247,1100, 1026, 940, 845, 750, 698, 538 cm-1; GPC: Mn: 9432, Mw: 9616, PDI: 1.02; Staining on TLC 
plates with chlorine-TDM was positive for amines.
Analysis of Cu-levels in PS-PEG-tat
Inductively coupled plasma - mass spectrometry (ICP-MS) analysis was used to assay Cu-levels in PS- 
PEG-tat block copolymers. PS-PEG-tat was prepared through either the Cu-catalyzed azide-alkyne 
cycloaddition (CuAAC, synthesis vide supra) or the tandem cycloaddition-retro-Diels-Alder reaction 
between an azide and an oxanorbornadiene (crDA, compound 3). The indicated amount of polymer was
bridging protons), 6.3-7.3 (b, ~190H); GPC: Mn: 5203, Mw: 5720, PDI: 1.09
NH
Y_
A
O
37 F3 C
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destructed in concentrated nitric acid (0.5 mL) at 80°C for 3 hours. The samples were cooled to room 
temperature and silver acetate (AgOAc) was added as an internal standard (2 mg mL-1 in ultrapure 
water, 1.25 mL). The total volume of each sample was then brought to 5.0 mL using ultrapure water 
prior to measurement. Resulting ppm values for Cu were standardized on values for the internal 
standard Ag to enable expression of Cu per milligram. The ratio between CuAAC and crDA Cu-levels, 
as shown in table 1, is (71.84/9.08 10-2) = 791.20.
PS-PEG-tat mg of polymer ppm (Cu) ppm (Ag) Cu/Ag Cu/mg
CuAAC 2.00 2720 18.93 143.7 71.84
crDA (3) 0.61 14.9 269 5.54-10-2 9.08-10-2
Table 1. ICP-MS analysis results of Cu and Ag in Ag-spiked polymer samples. Measurement results are 
the average of triple measurements on the same sample.
HEPES-Buffered Saline Solution
HEPES-buffered saline (HBS) used in this report was prepared from a 10X-stock solution. Diluted 1X 
buffer contained 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 10 mM), NaCl (135 mM), 
KCl (5 mM), CaCl2 (1.8 mM), MgCl2 (1 mM), pH = 7.4
General Procedure for Polymersome Formation
A solution of PS40-PIAT50 (admixed with 10 wt.-% of 3, when applicable) in THF (0.5 mL, 1.0 g-L-1) was 
manually injected into HBS (2.5 mL) using a pipette. For HRP-filled polymersomes, prior to THF 
addition, 200^L of HBS was replaced by 200^L of HRP solution (2.5 g-L-1, (Sigma, type XII) in ultrapure 
water). For GFP-filled polymersomes, 96^L of HBS was replaced by 96^L of GFP solution (3.75 g L -1 in 
HBS). After equilibration for 30 minutes the suspension was transferred to a Spectra/Por (Breda, The 
Netherlands) Biotech Cellulose Ester Dialysis Membrane tube (MWCO: 300kDa). The dispersion was 
dialyzed against HBS for 36 hours, with regular changes of the dialysis bath to fresh HBS. The resulting 
vesicles were analyzed with TEM and stored in a glass vial. To attenuate incidental concentration 
differences between tat- and non-tat batches of GFP-polymersomes used in the same fluorescence- 
based experiments, their concentrations were standardized based on absorption at 490 nm of their 
GFP cargo through dilution with HBS.
Cell Culture
HeLa and Jurkat E6.1 cells were maintained in RPMI 1640 and HEK 293 cells in DMEM (Both PAN 
Biotech, Aidenbach, Germany), each supplemented with 10% fetal calf serum (FCS; PAN Biotech). All 
cell lines were incubated at 37°C in a 5% CO2-containing, humidified incubator.
Confocal Laser Scanning Microscopy
Confocal laser scanning microscopy was performed on a TCS SP5 confocal microscope (Leica 
Microsystems, Mannheim, Germany) equipped with an HCX PL APO 63 x N.A. 1.2 water immersion 
lens. Live cells were maintained at 37°C on a temperature-controlled microscope stage. GFP, 
lysotracker and texas-red were excited using a 488 argon ion laser, a HeNe 561 nm laser and a HeNe 
594 laser, respectively. Emission was detected between 500 and 550 nm for GFP, between 575 and 670 
nm for lysotracker and between 610 and 700 nm for Texas Red.
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Cellular Uptake and Colocalization Studies
HeLa cells or HEK cells were seeded at a density of 30,000 cells per well one day before the 
experiment in 8-well microscopy chambers (Nunc, Wiesbaden, Germany). Jurkat cells were counted at 
the day of the experiment and 300,000 cells were incubated with polymersomes in each well. For 
uptake studies, GFP and tat-GFP polymersomes were added to a final concentration of 50 |jg/mL 
(polymer / medium). Cells were incubated with polymersomes in fresh medium containing 10% FCS at 
37°C for four hours. For colocalization experiments using lysotracker red (Invitrogen, Eugene, USA), the 
polymersome concentration was 16.7 |jg/mL (polymer / medium) and during the last 60 min 100 nM 
lysotracker was added. Cells were washed twice with fresh medium and imaged immediately using 
confocal microscopy. For colocalization studies with dextran, polymersomes at a concentration of 16.7 
|jg/mL were incubated with 0.2 mg/mL Texas Red-labeled dextran (MW = 10,000; Invitrogen) for 25 min, 
after which they were washed and imaged immediately as described above.
Quantification of Polymersome Uptake by Flow Cytometry
Adherent HeLa or HEK 293 cells were seeded in 24-well plates (Sarstedt, Nümbrecht, Germany) at a 
density of 80,000 cells / well one day before the experiment. At the day of the experiment, 600,000 
Jurkat E6.1 suspension cells were used per condition. For uptake studies, polymersomes were diluted 
in RPMI supplemented with 10% FCS to the concentrations 25 and 50 |jg/mL (polymer / medium). Cells 
were incubated with the polymersomes for 4 h at 37°C, washed twice with HBS, trypsinated for 5 min at 
37°C to dissociate cells (HeLa and HEK 293 cells) or to enhance removal of membrane-bound 
polymersomes (Jurkat E6.1 cells) and washed again by centrifugation using fresh medium containing 
FCS. For the dextran inhibition assay, HeLa cells were treated with polymersomes at the concentrations 
of 16.7 or 50 |jg/mL (polymer / medium) for 25 min at 37°C in the presence or absence of 0.2 or 0.4 mg/ 
mL Texas red-labeled dextran (MW = 10,000). For all conditions, cellular fluorescence of 10,000 cells, 
gated on the basis of forward andsideward scatter, was measured using a BD FACScan flow cytometer 
equipped with a 488 laser (BD Biosciences, Erembodegem, Belgium) and analyzed using Summit 
software (Fort Collins, USA). Data were corrected for background fluorescence and were normalized on 
the basis of the uptake of tat-polymersomes at the highest measured concentration for each experiment 
and/or cell line (Figure 4).
Horseradish Peroxidase (HRP) Assay
HeLa cells were seeded at a density of 6,000 cells per well one day before the experiment in 96-well 
plates (Sarstedt, Nümbrecht, Germany) and grown to 75% confluence. Incubation with the indicated 
concentrations of HRP-polymersome [100% reflects 167 |jg/mL (polymer / medium)] took place in HBS 
containing 5 mM glucose and 0.1% bovine serum albumin (BSA, all Sigma-Aldrich, Zwijndrecht, the 
Netherlands) (HBS+). If indicated, cells were pulsed with 75 |iM chloroquine (Sigma-Aldrich) or 25 |iM 
or 100 |iM nordihydroguaiaretic acid (NDGA; Sigma-Aldrich) during the final hour of the incubation. After 
the four hour incubation, cells were washed and grown in RPMI + 10% FCS with 1% of a standard 
penicillin-streptomycin preparation (Gibco) for the indicated periods. To assay the intracellular HRP 
activity, cells were washed and incubated with 60 |jg/mL of the membrane-permeable HRP substrate 
3,3’,5,5’-tetramethylbenzidine (TMB; Sigma-Aldrich) in the presence of 250 |iM H2O2 (Malinckrodt 
Baker, Deventer, the Netherlands) for 30 min at 37°C. The conversion of the product was measured 
each two minutes via the absorption at 370 nm (A370). Represented values have been corrected for the 
A370 of cells that did not receive the substrate. All conditions have been tested at least in duplicate 
during single experiments (Figure 10).
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Figure 10. Duplicate and triplicate results for the data shown in Figure 9.
Dose Dependence of HRP Activity on Polymersome Concentration
The rate at which TMB was converted was linearly dependent on the administered dosage of 
polymersomes. Dilution with HBS of the original 167 ^g / mL (polymer / medium) dispersion to 50% or 
25% of original polymersome content resulted in a corresponding decrease in HRP activity (Figure 8).
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9. Outlook
“Towards Hybrid Cells”; this is the last part of the title of the project that led 
to this thesis. As we have demonstrated in chapter 8, we have indeed 
succeeded in the construction of an artificial organelle. From the results 
presented in that chapter it also becomes clear that there is still room for 
improvement, with respect to both the sustained activity of polymersome 
nanoreactors in the cellular environment, and to the clinical relevance of the 
system. In this outlook we will briefly present a variety of points that can be 
addressed to make our system more suitable for clinical application.
9.1 Different Substrate
T h e  e n z y m e  h o rs e ra d is h  p e ro x id a s e  (H R P ) c a n  o x id is e  m a n y  d if fe re n t  m o le c u le s . T h e  
c h ro m o g e n ic  su b s tra te  3 ,5 ,3 ',5 '- te tra m e th y lb e n z id in e  (T M B ) w a s  p re d o m in a n tly  c h o se n  
b e c a u s e  i t  is  sm a ll  a n d  u n c h a rg e d , m a k in g  i t  in tra c e l lu la r ly  a v a ila b le . A lso ,  i ts  c o n v e rs io n  
in  th e  p re se n c e  o f  H 2 O 2  w a s  e a s ily  d e te c te d . T h e  su b s tra te s  in d o le -3 -a c e tic  a c id  ( IA A )[1] o r  
a c e ty la c e to n e ,[2] in d u c e  a p o p to s is  a f te r  c o n v e rs io n  b y  H R P  w ith o u t  H 2 O 2 . C a u s in g  a  c e ll  to  
k ill  i ts e l f  m a y  n o t  se e m  c lin ic a lly  re le v a n t , b u t  i t  c a n  b e  p a ra p h ra s e d  as ‘a  p ro d ru g  s tra te g y  
fo r  c a n c e r  th e ra p y .’ W e  a tte m p te d  to  u s e  IA A  in  c o m b in a tio n  w ith  o u r  H R P -c a p su le s ,  b u t  
n o  e f fe c t  w as  fo u n d  a t  a n y  IA A  c o n c e n tra tio n . T h e  ra d ic a l  p ro d u c t  o f  IA A  o x id a tio n  b y  
H R P , w h ic h  is  th o u g h t  to  b e  th e  c a u s e  o f  a p o p to s is  in  th e s e  se tu p s , is  p re su m a b ly  
sc a v e n g e d  b y  th e  th io p h e n e  m o ie t ie s  in  th e  P S -P IA T  m e m b ra n e , m a k in g  o u r  sy s te m  a  se lf- 
d e fe a tin g  o n e . I t  w o u ld  th e re fo re  b e  u se fu l  to  s te e r  a w a y  f ro m  p o ly m e rso m e s  b a s e d  o n  P S - 
PIA T. A  lo g ic a l  o th e r  c a n d id a te  is  th e  p o ly m e rso m e  sy s te m  w h ic h  w as  p re s e n te d  b y  K im  e t 
a l . [3] T h e s e  p o ly m e rso m e s  a re  c o m p o s e d  o f  a  m ix tu re  o f  p o ly s ty re n e -p o ly (e th y le n e  g ly co l)  
(P S -P E G ) a n d  p o ly (s ty re n e  b o ro n ic  a c id )  -P E G . T h e  la t te r  p o ly m e r  is  s tim u lu s  re sp o n s iv e  
a n d  c a n  b e  w a sh e d  o u t  o f  th e  p o ly m e rso m e  m e m b ra n e  u p o n  in c re a s in g  p H  a n d  a d d in g  
g lu c o se . A s  a  re su lt ,  a n  in e r t  p e rm e a b le  P S -P E G  sh e ll is  o b ta in e d , w h ic h  is  m u c h  le s s  l ik e ly  
to  in te r fe re  w ith  c a ta ly t ic  p ro c e s s e s  o c c u rr in g  w ith in  th e  p o ly m e rso m e . A n  a d d itio n a l 
a d v a n ta g e  is  th a t  th is  P S -P E G  s y s te m ’s p o ro s i ty  is  o f  k n o w n  o r ig in  a n d  c a n  b e  c o n tro l la b ly  
v a rie d .
9.2. Different Enzyme
T h e  fu n c tio n  o f  th e  a r tif ic ia l o rg a n e lle  is  a lm o s t  c o m p le te ly  d e f in e d  b y  th e  e n z y m e  it  
c o n ta in s . H R P  is  m a in ly  a p p re c ia te d  fo r  i ts  r e s i l ie n c e  a n d  its  h o s t  o f  a v a ila b le  su b s tra te s , 
b u t  m e ta b o lic  d ise a se s  d o  n o t  o f fe r  a  c h o ic e  o f  su b s tra te . E n z y m e s  th a t  a re  c u rre n tly  
in v e s tig a te d  fo r  th e ir  m e r i t  in  p ro te in  th e ra p y  a re , fo r  e x a m p le , a -g a la c to s id a s e  to  tre a t 
F a b r y ’s d is e a s e ^ 4  ^ -g lu c o s id a s e  to  t re a t  G a u c h e r ’s d ise a s e , [5] a -g lu c o s id a s e  to  tre a t 
P o m p e ’s d is e a s e ,[6] c a ta la se  a n d  su p e ro x id e  d ism u ta se  (S O D ) to  t re a t  o x id a tiv e  s tre s s , o r  a
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w e a lth  o f  o th e r  sy s te m s .[7] T h e  m a in  c r ite r iu m  to  k e e p  in  m in d  is  th a t  th e  e n z y m e  sh o u ld  
h a v e  a  s u b s tra te  th a t  is  su ff ic ie n tly  sm a ll fo r  i t  to  b e  a b le  to  c ro ss  th e  p o ly m e rso m e  
m e m b ra n e . T h is  p re c lu d e s  e n z y m e s  th a t  p h o sp h o ry la te , m e th y la te , fa rn e s y la te  o r  
c it ru l lin a te  b io m a c ro m o le c u le s .
9.3 Different Targeting
T h e  u p ta k e  p a th w a y  a n d  in tra c e l lu la r  tra ff ic k in g  o f  p o ly m e rso m e s  th a t  c o n ta in  P S -P E G - 
ta t  a re  d e s c r ib e d  in  c h a p te r  8. W h ile  n o t  a ll p o ly m e rso m e s  a p p e a r  to  w in d  u p  in  a c id ic  
v e s ic le s , th e re  a re  m o re  d e s ira b le  d e s tin a tio n s  in  th e  c e ll , v iz . th e  c y to so l.  T h is  p ro b le m  c an  
b e  a p p ro a c h e d  f ro m  tw o  d ire c tio n s . T h e  f irs t is  to  try  to  a c h ie v e  e n d o so m a l e sc a p e  fo r  th o se  
p o ly m e rso m e s  th a t d o  re s id e  in  e n d o so m e s . T h is  c a n  b e  a tte m p te d  w ith  p e p tid e s  th a t  in d u c e  
e n d o so m a l e sc a p e .®  T h e  c o -e n c a p s u la t io n  in  th e  p o ly m e rso m e s  o f  a  p ro to n -s p o n g e  su c h  as 
p o ly h is tid in e  c a n  a ls o  le a d  to  in c re a s e d  o sm o tic  p re s s u re  in  e n d o so m e s , w h ic h  c a n  le a d  to  
sw e ll in g  a n d  s u b s e q u e n t  b u rs t in g  o f  th e s e  c o m p a r tm e n ts . T h e  p ro b le m  w ith  th is  a p p ro a c h  is 
th a t n o t  a ll  p o ly m e rso m e s  a re  tra f f ic k e d  to  e n d o so m e s , v o id in g  th e  h o p e s  o f  c o m p le te  
e f fic ie n c y  fo r  th e s e  m e th o d s . A lso , th e  la c k  o f  e f fe c t o f  th e  d ru g s  c h lo ro q u in e  a n d  N D G A  
(se e  c h a p te r  8 )  b o d e s  i l l  fo r  th is  s tra tegy .
T h e  s e c o n d  a p p ro a c h  to  th is  p ro b le m  is  to  u s e  a n o th e r  c e ll p e n e tra t in g  p e p tid e  (c p p ) th a n  
ta t. A l th o u g h  ta t  is  w id e ly  u s e d  a n d  h a p p e n e d  to  b e  a v a ila b le , th e re  a re  a  n u m b e r  o f  o th e r  
c p p ’s su c h  as a n te n n a p e d ia  (a lso  c a l le d  p e n e tra t in )  o r  n o n a -a rg in in e  w h ic h  h a v e  th e ir  o w n  
c h a ra c te r is tic s  w h ic h  c a n  b e  m o re  a p p ro p ria te  th a n  th o se  o f  ta t . [9] T h e s e  p e p tid e s  m a y  le a d  
to  d if fe re n t  in tra c e l lu la r  tra ff ic k in g  ( th e  u p ta k e  m e c h a n ism , m a c ro p in o c y to s is ,  is  p ro b a b ly  
m a in ly  d ic ta te d  b y  th e  s iz e  o f  th e  p o ly m e rso m e s  a n d  h e n c e  c a n n o t b e  ta m p e re d  w ith ). I t  is 
to  b e  h o p e d  th a t  o n e  o f  th e s e  p e p tid e s  w ill  s im p ly  le a d  to  e ith e r  c y to s o lic  d e liv e ry , o r  to  
c o m p le te  d e liv e ry  to  a c id ic  c o m p a r tm e n ts . T h e  fo rm e r  is  th e  e n d  g o a l, th e  la t te r  w o u ld  a t 
le a s t  e n a b le  e f f ic ie n t e n d o so m a l e sc a p e  s tra te g ie s .
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Summary
In this thesis, the similarities between semiporous polymersomes based on 
polystyrene-polyisocyanopeptides (PS-PIAT) and organelles are explored. 
The research focused on two subjects: the ability of PS-PIAT polymersomes 
to spatially organise enzymes, and the ability of these polymersomes to act 
as a functional compartment wherein catalysis can take place.
Polymersomes are vesicles made from amphiphilic block-copolymers. In selective 
solvents, these block-copolymers self-assemble to form capsules with an average diameter 
that depends on the constituent polymers, but generally ranges from 100 to 1000 
nanometers. Because the driving force behind polymersome formation usually is the 
hydrophobic packing of one of the two blocks, polymersome membranes are generally 
impermeable. This makes PS-PIAT an unusual but rather useful block-copolymer: 
polymersomes prepared from PS-PIAT possess a membrane that can be passed through by 
smaller molecules, while it is still impermeable to larger ones. Such a selectively permeable 
membrane is referred to as being semipermeable, or porous. It opens the possibility to 
encapsulate enzymes, which are too large to diffuse out of the aqueous inner compartment 
of the polymersome. Small substrate molecules can diffuse in towards the enzyme from the 
medium, while product molecules can diffuse out of the nanoreactor. Encapsulation inside 
the polymersome protects the enzyme from proteases that may be present in the medium. It 
also associates signal molecules that the polymersome may bear with the cargo enzymes.
To enable strategies for the two above mentioned goals, a methodology was developed to 
functionalise the surface of PS-PIAT polymersomes. The method makes use of a 
polystyrene-poly(ethylene glycol) (PS-PEG) block-copolymer with a reactive group at its 
PEG terminus. The admixture of a small percentage of this functional PS-PEG with other 
block copolymers lead to polymersomes with reactive groups on their surfaces. The 
viability of this strategy was demonstrated by using a PS-PEG-acetylene, which allowed 
the immobilisation of an azide-containing Candida antarctica lipase B (CalB) enzyme on 
the otherwise unreactive surface of PS-PIAT polymersomes by use of the Cu(I)-catalysed 
azide-alkyne cycloaddition (CuAAC). The enzyme was still active while tethered to the 
polymersomal periphery.
The new locale for enzymatic activity that was opened up by this anchoring technology 
was applied to more closely integrate a three enzyme cascade reaction previously 
developed in our group involving PS-PIAT polymersomes. The existing cascade involved 
an acetyl-protected glucose molecule which was deprotected by CalB, after which the 
glucose was oxidised to gluconic acid by glucose oxidase (GOx). A byproduct of this 
oxidation is hydrogen peroxide, which was scavenged by horseradish peroxidase (HRP) to 
help it oxidise ABTS to form ABTS+, the dark colour of which is readily measurable to
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v e r ify  th e  ta n d e m  a c tiv ity  o f  a ll  th re e  e n z y m e s . I n  th e  n e w ly  d e v e lo p e d  sy s te m , C a lB  w as 
p o s i t io n e d  in  th e  m e m b ra n e  o f  th e  P S -P IA T  p o ly m e rso m e , w h ic h  c o n ta in e d  10 w t.-%  o f  th e  
P S -P E G -a c e ty le n e  a n ch o r. T h e  lu m e n  o f  th e  c a p s u le  w a s  lo a d e d  w ith  G O x , a n d  th e  re a c tiv e  
g ro u p s  o n  th e  su rfa c e  w e re  re a c te d  w ith  a z id e s  p re s e n t  in  m o d if ie d  H R P . A n a ly s is  o f  th e  
p ro g re s s  c u rv e  o f  th e  c a s c a d e  r e a c tio n  su g g e s te d  th a t  G O x  w a s  th e  s lo w e s t  e n z y m e  a n d  
H R P  th e  fa s te s t. A lso ,  e v a lu a tio n  o f  th e  e n z y m e  lo a d in g  e ffic ie n c ie s  sh o w e d  th a t  n e a r ly  
2 5 %  o f  th e  G O x  u s e d  in  p o ly m e rso m e  p re p a ra tio n  w a s  in c o rp o ra te d  in s id e  th e  
p o ly m e rso m e s . F o r  th e  C a lB , 17%  w o u n d  u p  in  th e  m e m b ra n e . H R P  a p p e a re d  to  b e  
c o n ju g a te d  to  th e  p o ly m e rso m e  su rfa c e  w ith  1 0 0 %  effic ien cy . T h e s e  p e rc e n ta g e s  in d ic a te  
th a t  e n z y m e  e n c a p su la t io n  in  p o ly m e rso m e s  is  n o t  b a s e d  o n  th e  m e re  s ta tis tic a l 
e n c a p su la t io n  o f  d is so lv e d  p ro te in s .
T o  m a k e  m o re  u s e  o f  a c e ty le n e -p re se n tin g  p o ly m e rso m e  su rfa c e s , a  s in g le  s te p  s tra te g y  
f o r  th e  in tro d u c tio n  o f  a z id e s  in  p ro te in s  w a s  d e v e lo p e d . T h is  c o n tro l le d  in tro d u c tio n  o f  
a z id e s  c re a te d  ta rg e ta b le  h a n d le s  fo r  s e le c tiv e  p ro te in  m a n ip u la tio n . T h e  d e v e lo p e d  
s tra te g y , w h ic h  is  b a s e d  o n  th e  u s e  o f  im id a z o le -1 -s u lfo n y l  a z id e  as a  re a g e n t,  c o u ld  b e  
a p p lie d  in  a n  a q u e o u s  so lu tio n . I t  l e d  to  th e  fa c i le  in tro d u c tio n  o f  a z id e s  in  th e  s id e  ch a in s  
o f  ly s in e  re s id u e s  a n d  a t  th e  N - te rm in u s  o f  p ro te in s , su c h  a s  H R P  a n d  th e  r e d  f lu o re sc e n t 
p ro te in  D sR e d . T h e  e f fe c tiv e  in tro d u c tio n  o f  a z id e s  w a s  v e r if ie d  b y  m a ss  sp e c tro m e try , 
a f te r  w h ic h  th e  a z id o -p ro te in s  w e re  u s e d  in  C u A A C  re a c tio n s . A z id o -H R P  re ta in e d  its 
c a ta ly t ic  a c t iv ity  a f te r  c o n ju g a tio n  o f  a  sm a ll  m o le c u le . T h is  m o d if ie d  p ro te in  c o u ld  a lso  b e  
su c c e s s fu lly  im m o b ilis e d  o n  th e  su rfa c e  o f  a n  a c e ty le n e -c o v e re d  p o ly m e rso m e . A z id o -  
D s R e d  w a s  c o u p le d  to  a n  a c e ty le n e -b e a r in g  p ro te in , a llo w in g  i t  to  a c t  as a  f lu o re s c e n t lab e l, 
d e m o n s tra t in g  th e  w id e  a p p lic a b ili ty  o f  th e  d ia z o  tra n s fe r  p ro c e d u re .
T o  sh o w  a d d e d  v a lu e  fo r  e n z y m e  in c o rp o ra tio n  in  P S -P IA T  p o ly m e rso m e s , w e  sh o w e d  
th a t  flo w  c y to m e try , a  p o w e rfu l te c h n iq u e  th a t  is  ro u tin e ly  u s e d  fo r  h ig h - th ro u g h p u t  
f lu o re s c e n c e -a c t iv a te d  ce ll so r tin g , c a n  b e  u s e d  fo r  se p a ra tin g  c a ta ly t ic a lly  a c tiv e  
p o ly m e rso m e s  f ro m  n o n -c a ta ly t ic a lly  a c t iv e  o n es . T o  th is  e n d , C a lB - lo a d e d  v e s ic le s  w e re  
p ro b e d  u s in g  flo w  c y to m e try . C a rb o x y f lu o re sc e in  d ia c e ta te , w h ic h  is  c o n v e r te d  to  th e  
f lu o re s c e n t c a rb o x y f lu o re s c e in  b y  C a lB , w a s  u s e d  to  a s se ss  th e  e n z y m e ’s a c t iv ity  in s id e  th e  
p o ly m e rso m e s . T o  p re v e n t  d if fu s io n  o u t  o f  th e  p o ly m e rso m e s  o f  th e  f lu o re s c e n t p ro d u c t, 
p o ly -L - ly s in e  w a s  c o e n c a p s u la te d  a s  a  t ra p p in g  a g en t. T h is  p o ly c a t io n  tra p s  th e  n e g a tiv e ly  
c h a rg e d  c a rb o x y f lu o re s c e in  p ro d u c t  m o le c u le s  a n d  th u s  u n iq u e ly  c o lo c a liz e s  th e ir  
f lu o re s c e n t s ig n a l w ith  a c t iv e  c a ta ly s ts .  T h e s e  h ig h ly  f lu o re s c e n t  n a n o re a c to rs  c o u ld  th e n  b e  
s e p a ra te d  f ro m  o th e rs  u s in g  flo w  c y to m e try , r e s u ltin g  in  th e  iso la t io n  o f  c o m p le te ly  a c tiv e  
p o p u la t io n s  o f  b io re a c to rs . T h e  sa m e  p r in c ip le  o f  p o ly m e rso m e  so r tin g  c o u ld  b e  a p p lie d  to  
P S -P IA T  p o ly m e rso m e s  e n c a p su la t in g  f lu o re s c e n t p ro te in  m a rk e rs  su c h  as g re e n  f lu o re sc e n t 
p ro te in  (G F P ) a n d  D sR ed .
T h e  p ro c e s s  o f  c o v e r in g  a  su rfa c e  o r  p a r tic le  w ith  P E G , so -c a l le d  P E G y la tio n , is  a  
c o m m o n  s tra te g y  u s e d  to  d e c re a s e  th e  c y to to x ic  e ffe c ts  o f  su rfa c e  a c c e s s ib le  g ro u p s . O u r
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re s e a rc h  u l tim a te ly  a im e d  to  e m b e d  P S -P IA T  p o ly m e rso m e s  w ith in  c e lls  as a rtif ic ia l 
in tra c e l lu la r  c o m p a r tm e n ts . T h e  id e a  w a s  to  m e d ia te  c e l lu la r  u p ta k e  b y  a d m ix in g  P S -P E G - 
p e p tid e s  th a t  h a v e  ce ll p e n e tra t in g  p ro p e rt ie s  w ith  P S -P IA T  to  c re a te  a  h y b r id  
p o ly m e rso m e . A  p o s s ib le  s id e  e f fe c t  o f  th is  P S -P E G -p e p tid e  w a s  th e  f a c t  th a t  i t  in tro d u c e s  a  
la rg e  a m o u n t o f  P E G , w h ic h  w o u ld  b e  u n fa v o u ra b le  fo r  c e l lu la r  u p ta k e  o f  th e  
p o ly m e rso m e . T o  in v e s tig a te  th e  e f fe c t  o f  th is  in a d v e r te n t  P E G y la tio n , w e  c h a lle n g e d  
m a c ro p h a g e s  w ith  P S -P IA T  p o ly m e rso m e s  c o n ta in in g  d if fe re n t  p e rc e n ta g e s  o f  P S -P E G . I t  
w a s  fo u n d  th a t  p o ly m e rso m e s  c o n ta in in g  m o re  th a n  15 w t.-%  o f  P S -P E G  w e re  n o  lo n g e r  
e n g u lfe d  b y  m a c ro p h a g e s ,  th u s  g a in in g  so -c a l le d  s te a l th  b e h av io u r . W h ile  p o s s ib ly  lim itin g  
th e  e f fic ie n c y  o f  P S -P E G -p e p tid e s  fo r  c e l lu la r  u p ta k e , th is  p h e n o m e n o n  d id  e n a b le  th e  
c re a tio n  o f  n o n - im m u n o g e n ic  P S -P IA T  p o ly m e rso m e s .
T h e  e x p e r im e n ts  w ith  c e lls  a n d  p o ly m e rso m e s  m e n tio n e d  a b o v e  la id  th e  g ro u n d w o rk s  
f o r  th e  c e l lu la r  in te g ra t io n  o f  e n z y m e -c o n ta in in g  P S -P IA T  p o ly m e rso m e  n a n o re a c to rs . T o 
a c h ie v e  th is  u p ta k e  b y  a  v a r ie ty  o f  m a m m a lia n  c e ll  ty p e s , a  P S -P E G -ta t  w as  sy n th e s ise d . 
T h e  p e p tid e  ta t  is  a  c e ll  p e n e tra t in g  p e p tid e  w h ic h  is  k n o w n  to  s t im u la te  m a c ro p in o c y to s is . 
A d m ix tu re  o f  P S -P E G -ta t  w ith  P S -P IA T  re s u l te d  in  p o ly m e rso m e s  w h ic h  w e re  in d e e d  
ta k e n  u p  b y  c e lls . T h e  ta t-p o ly m e rso m e s , w h ic h  w e re  lo a d e d  w ith  G F P  fo r  e asy  
v isu a lis a t io n  u s in g  c o n fo c a l m ic ro sc o p y , a lso  s t im u la te d  d e x tra n  u p ta k e . T h e  sa m e  d e x tra n  
c o m p e te d  fo r  u p ta k e  w ith  th e  ta t-p o ly m e rso m e s . T h e s e  fa c ts  w e re  ta k e n  a s  e v id e n c e  th a t 
th e  a c tu a l u p ta k e  m e c h a n is m  fo r  th e  p o ly m e rso m e s  is  m a c ro p in o c y to s is .  P o ly m e rs o m e s  
th a t  d id  n o t  h a v e  ta t  w e re  n o t  ta k e n  u p , n o r  d id  th e y  s t im u la te  d e x tra n  u p tak e . 
C o lo c a l is a t io n  s tu d ie s  o f  th e  G F P - lo a d e d  c a p su le s  w ith  th e  d y e  ly s o tra c k e r  sh o w e d  th a t  th e  
ta t-p o ly m e rso m e s  w e re  o n ly  p a r tia l ly  r o u te d  to  a c id ic  v e s ic le s . P o ly m e rs o m e s  lo a d e d  w ith  
H R P  re s u l te d  in  e n z y m a tic  n a n o re a c to rs  th a t  w e re  ta k e n  u p  b y  c e lls  a n d  w h ic h  in tro d u c e d  
th e ir  c a ta ly t ic  a c t iv ity  in to  th e  ce ll. In tra c e l lu la r  a c t iv ity  o f  th e  H R P -c o n ta in in g  
n a n o re a c to rs  w a s  d e m o n s tra te d  b y  th e  o x id a tio n  o f  te tra m e th y lb e n z id in e  (T M B ). W h e n  
p re s e n t  in  th e  m e d iu m , T M B  c a n  p a s s iv e ly  d if fu se  in to  ce lls . W ith o u t  H R P , th is  w o u ld  h a v e  
n o  d is c e rn ib le  e ffe c t. H o w e v e r  w h e n  a c t iv e  H R P  p o ly m e rso m e s  a re  p re s e n t  in  th e  c e ll ,  th e  
T M B  w ill b e  o x id is e d  to  its  in te n se ly  c o lo u re d  ra d ic a l  c a tio n . T h e re fo re , e x tru s io n  o f  b lu e  
n e e d le s  f ro m  th e  c e lls ,  a c c o m p a n ie d  b y  a n  in c re a s in g ly  b lu e  c o lo r is a t io n  o f  th e  m ed iu m , 
sh o w e d  th a t ta t-p o ly m e rso m e s  c o n ta in in g  H R P  in d e e d  w e re  c a p a b le  o f  in tro d u c in g  n e w  
e n z y m a tic  a c t iv ity  to  a  ce ll. T h is  a c t iv ity  p e rs is te d  s ig n if ic a n tly  lo n g e r  th a n  th a t  o f  n o n ­
e n c a p s u la te d  e n z y m e s  in tro d u c e d  in to  th e  c e ll , d e m o n s tra t in g  th e  p ro te c tiv e  a b il i ty  o f  th e  
p o ly m e rs o m e  sh e ll. T h is  te c h n iq u e  is  a  p ro m is in g  n e w  a p p ro a c h  to  p ro te in  th erap y .
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Samenvatting
In dit proefschrift worden de overeenkomsten tussen op polystyreen- 
polyisocyanopeptiden (PS-PIAT) gebaseerde semiporeuze polymeersomen 
en organellen verkend. Het onderzoek was vooral gericht op twee thema's: 
namelijk de mogelijkheid van PS-PIAT polymeersomen om enzymen 
positioneel te ordenen in de ruimte, en de capaciteit van polymeersomen om 
dienst te doen als functionele compartimenten voor katalyse.
Polymeersomen zijn synthetische capsules die gevormd worden door de spontane zelf­
organisatie van amfifiele blok-copolymeren. Deze zelf-organisatie, die bijna altijd op 
hydrofobe interacties gebaseerd is, leidt tot een over het algemeen waterdichte bilaag die 
zich krult tot een rond object met een variabel formaat dat in de regel tussen de 100 en de 
1000 nanometer ligt. PS-PIAT is een bijzondere bouwsteen voor polymeersomen, omdat 
capsules die hiervan gemaakt zijn een membraan hebben dat semiporeus is. Dat houdt in 
dat kleinere moleculen vrijelijk door het membraan heen kunnen diffunderen, terwijl 
grotere dat niet kunnen. Dit biedt de mogelijkheid om enzymen binnenin de 
polymeersomen op te sluiten. Ze kunnen dan niet meer naar buiten diffunderen: ze zijn 
geëncapsuleerd. Kleinere substraatmoleculen kunnen het enzym nog steeds bereiken, en 
productmoleculen kunnen na hun vorming weer door het membraan naar buiten 
diffunderen. Een voordeel van zulke insluiting van enzymen is dat deze biomoleculen 
binnenin een polymeersoom beschermd zijn tegen proteases. Een ander voordeel is dat als 
een polymeersoom bepaalde eigenschappen heeft, deze dan ook indirect voor de ingesloten 
enzym kunnen gelden. Denk hierbij aan herkenbare labels of sorteersignalen die, als ze aan 
het polymeersoom vastzitten, automatisch ook voor het ingepakte enzym gelden.
Als fa§iliterend middel voor beide thema’s werd een techniek ontwikkeld om het 
oppervlak van PS-PIAT polymeersomen te functionaliseren. Deze techniek gaat uit van een 
polystyreen-poly(ethyleen glycol) (PS-PEG) blok-copolymeer met een reactieve group aan 
het PEG-uiteinde. Door een klein percentage van deze functionele PS-PEG verbinding in te 
mengen met een ander blok-copolymeer kunnen reactieve groepen op het oppervlakte van 
de gevormde polymeersomen aangebracht worden. Gebruik makend van PS-PEG-acetyleen 
en PS-PIAT kon de daadwerkelijke toepasbaarheid van deze strategie aangetoond worden, 
en wel door een azido-enzym te verankeren op het oppervlakte van de normaliter niet 
reactieve PS-PIAT polymeersomen. Het enzym in kwestie, Candida antarctica lipase B 
(CalB), bleef actief terwijl het aan het polymeersoom-oppervlakte verknoopt was.
De nieuwe lokatie die beschikbaar kwam door deze verankeringsstrategie werd toegepast 
om een eerder in de groep ontwikkeld drie-enzym cascade systeem te verbeteren en 
volledig in één enkel polymeersoom te integreren. De bestaande cascade reactie begon met 
de ontscherming van een geacetyleerd glucosemolecuul door CalB. Daarna werd de
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v r i jg e k o m e n  g lu c o s e  g e o x id e e rd  d o o r  g lu c o s e  o x id a s e  (G O x ) to t  g lu co n z u u r . D e  
w a te rs to fp e ro x id e  d ie  h ie rb ij  v r i jk w a m  w e rd  m e te e n  g e b ru ik t  d o o r  m ie r ik sw o r te l  
p e ro x id a s e  (H R P ) o m  d e  v e rb in d in g  A B T S  te  o x id e re n  to t  A B T S + , e e n  s to f  m e t  e e n  d ie p e  
b la u w e  k le u r  w a a rv a n  d e  in te n s i te i t  g o e d  g e m e te n  k a n  w o rd e n . H e t  o n ts ta a n  v a n  d e z e  k le u r  
w i js t  o p  d e  su c c e sv o lle  s a m e n w e rk in g  v a n  d e  d r ie  e n z y m e n . I n  h e t  n ie u w e , g e ïn te g re e rd e  
s y s te e m  w e rd  o p  b a s is  v a n  e e n  g e fu n c tio n a lis e e rd  P S -P IA T  p o ly m e e rs so m  C a lB  in g e s lo te n  
in  h e t  m e m b ra a n , e n  w e rd  G O x  in  h e t  w a te r ig e  lu m e n  g e p a rk e e rd . H e t  o p p e rv la k te  v a n  h e t 
P S -P IA T  p o ly m e e rs o o m  w e rd  g e fu n c tio n a lis e e rd  d o o r  in m e n g in g  v a n  P S -P E G -a c e ty le e n . 
D e z e  a c e ty le e n  g ro e p e n  w e rd e n  v e rv o lg e n s  g e k o p p e ld  a a n  a z id e n  v a n  a z id o -H R P  m id d e ls  
e e n  C u ( I ) -g e c a ta ly se e rd e  a z id e -a lk y n  c y c lo a d d it ie  (C u A A C ) re a c tie . A n a ly s e  v a n  d e  
v o o r tg a n g s c u rv e  v a n  d e  c a s c a d e  re a c tie  w e e s  u i t  d a t  G O x  w a a rs c h ijn li jk  d e  la n g z a a m s te  
c o m p o n e n t  v a n  h e t  sy s te e m  w a s  e n  H R P  d e  sn e ls te . V e rd e r b le e k  d a t  b i jn a  e e n  k w a r t  v a n  d e  
g e b ru ik te  G O x  m o le c u le n  o o k  d a a d w e rk e li jk  in g e s lo te n  w e rd  in  h e t  p o ly m e e rs o o m  tijd en s  
d ie n s  v o rm in g , e n  d a t  17%  v a n  d e  a a n g e b o d e n  C a lB  o o k  e c h t  in  h e t  m e m b ra a n  te re c h t 
k w a m . D e  a c e ty le e n -g ro e p e n  o p  h e t  o p p e rv la k te  w e rd e n  v o o r  d e  v o lle  10 0 %  b e z e t  m e t  
a z id o -H R P . D it  w ijs t  e r  o p  d a t tijd e n s  d e  v o rm in g  v a n  p o ly m e e rs o m e n  e e n  s ta tis t is c h  
in s lu it in g sp ro c e s  v o o r  o p g e lo s te  e iw it te n  o n w a a rs c h ijn li jk  is.
O m  d e  p o ly m e e rs o m a le  o p p e rv la k k e n  m e t  a c e ty le e n g ro e p e n  v a n  b re d e r  n u t  te  m a k e n , 
w e rd  e e n  m a n ie r  o n tw ik k e ld  o m  e iw it te n  o p  e e n  g e c o n tro le e rd e  w ijz e  v a n  a z id e n  te  
v o o rz ie n . Z o  o n ts ta a n  e iw it te n  m e t  e e n  s e le c tie f  a a n s p re e k b a a r  a a n h e c h tin g sp u n t. D e  
o n tw ik k e ld e  m e th o d e  m a a k t  g e b ru ik  v a n  im id a z o o l-1 -su lfo n y l  a z id e  a ls  re a g e n s  e n  k a n  in  
w a te r ig e  o p lo s s in g  to e g e p a s t  w o rd e n . D e  m e th o d e  le id t  to t  d e  in tro d u c tie  v a n  a z id e n  in  d e  
z ijk e te n s  v a n  ly s in e  re s id u e n  e n  b ij d e  N - te rm in u s  v a n  e iw itte n , z o a ls  k o n  w o rd e n  
a a n g e to o n d  v o o r  h e t  e iw it  D s R e d  o f  h e t  e n z y m  H R P . H e t  s la g e n  v a n  a z id e - in tro d u c tie  w e rd  
g e v e r if ie e rd  m e t  b e h u lp  v a n  m a s sa sp e c to rm e tr ie , w a a rn a  d e  n ie u w b a k k e n  a z id o -e iw it te n  
w e rd e n  g e b ru ik t  in  C u A A C  re a c tie s . A z id o -H R P  w e rd  b i jv o o rb e e ld  g e re a g e e rd  m e t 
b u ty n o l,  w a a rn a  h e t  n o g  s te ed s  k a ta ly tis c h  a c t ie f  w as . D e  g e m o d if ic e e rd e  H R P  k o n  o o k  a an  
p o ly m e e rs o o m -o p p e rv la k k e n  v e ra n k e rd  w o rd e n  e n  d a a r  z ijn  o m z e ttin g e n  b l ijv e n  do en . 
V e rd er w e rd  a z id o -D s R e d  a ls  f lu o re s c e n t  la b e l a a n  e e n  a c e ty le e n -b e v a tte n d  e iw it  
g e k o p p e ld , w a a rm e e  d e  a lg e m e n e  to e p a sb a a rh e id  v a n  d e  m e th o d e  k o n  w o rd e n  a a n g e to o n d .
D e  to e g e v o e g d e  w a a rd e  v a n  h e t  e n c a p su le re n  v a n  e n z y m e n  w e rd  g e d e m o n s tre e rd  d o o r  
C a lB  in  te  p a k k e n  in  P S -P IA T  p o ly m e e rs o m e n . D ie n s  a c t iv ite i t  w e rd  d a a rn a  g e a n a ly s e e rd  
m e t f lo w c y to m e tr ie , e e n  k ra c h tig e  te c h n ie k  d ie  ro u tin e m a tig  g e b ru ik t  w o rd t o m  p o p u la tie s  
v a n  c e l le n  te  s c h e id e n  o p  b a s is  v a n  h u n  f lu o re sc e n tie . C a rb o x y f lu o re sc e ïn e  d ia c e ta a t,  w a t 
d o o r  C a lB  k a n  w o rd e n  o m g e z e t  to t  h e t  f lu o re s c e n te  c a rb o x y f lu o re sc e ïn e , w e rd  g e b ru ik t  o m  
d e  a c t iv ite i t  v a n  d e  p o ly m e e rs o m a le  n a n o re a c to re n  te  te s te n . O m  te  v o o rk o m e n  d a t h e t 
f lu o re s c e n te  p ro d u c t  w e g  z o u  d if fu n d e re n  u i t  h e t  p o ly m e e rs o o m  w a a r  h e t  g e m a a k t w as , 
w e rd  p o ly -L - ly s in e  m e e  in g e s lo te n . D i t  p o ly c a t io n  h o u d t  d e  n e g a t ie f  g e la d e n  
p ro d u c tm o le c u le n  o p  h u n  p la a ts  e n  k o p p e ld e  z o  h u n  f lu o re sc e n tie  a a n  d e  a c t iv ite i t  v a n  d e
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d e sb e tre f fe n d e  p o ly m e e rs o o m . O p  b a s is  v a n  d ie  f lu o re sc e n tie  k o n d e n  p o ly m e e rs o o m - 
p o p u la t ie s  g e g e n e re e rd  w o rd e n  w a a r in  e lk e  c a p s u le  e e n  b e k e n d e  a c t iv ite i t  h a d . V e rd er w e rd  
f lo w c y to m e tr ie  n o g  g e b ru ik t  o m  m e n g s e ls  v a n  v e rs c h il le n d  g e k le u rd e  p o ly m e e rs o m e n  (m e t 
b ijv o o rb e e ld  g ro e n  f lu o re s c e re n d  e iw it  (G F P ) o f  D s R e d )  w e e r  v a n  e lk a a r  te  sc h e id e n .
H e t  b o v e n  b e s c h re v e n  re a c tie v e  P S -P E G  a n k e r  is  o o k  v o o r  e e n  a n d e r  d o e le in d  in g eze t: 
o m  h e t  o p p e rv la k te  v a n  e e n  P S -P IA T  p o ly m e e rs o o m  v a n  P E G  te  v o o rz ie n . H e t  z o g e n a a m d e  
P E G y le re n  v a n  e e n  o p p e rv la k te  is  e e n  b e k e n d e  s tra te g ie  o m  c y to to x is c h e  e ig e n sc h a p p e n  
v a n  d e e ltje s  te  m a s k e re n  e n  h u n  in te ra c t ie s  m e t  c e l le n  te  re m m e n . O m d a t e e n  v a n  d e  
e in d d o e le n  v a n  d i t  o n d e rz o e k  w a s  o m  p o ly m e e rs o m e n  in  c e l le n  te  b re n g e n  m e t  b e h u lp  v a n  
P S -P E G -p e p tid e n , w a s  h e t  d u s  v a n  b e la n g  o m  te  o n d e rz o e k e n  o f  d e  b i jk o m e n d e  
P E G y le r in g  c e lo p n a m e  z o u  re m m e n . O m  d it  te  b e s tu d e re n , w e rd e n  m a c ro fa g e n  in  c o n ta c t 
g e b ra c h t  m e t  v e rsc h il le n d e  P S -P IA T  p o ly m e e rs o m e n , e lk  in g e m e n g d  m e t  e e n  a n d e r  
p e rc e n ta g e  P S -P E G . H e t  b le e k  d a t  15 g e w ic h tsp ro c e n t  P S -P E G  v o ld o e n d e  w a s  o m  d e  
p o ly m e e rs o m e n  te  m a s k e re n  v o o r  d e  m a c ro fa g e n , z o d a t  z e  n ie t  m e e r  o p g e n o m e n  w e rd en . 
H e t  b le e k  d u s  m o g e li jk  te  z ijn  o m  ‘b io lo g is c h  in e r te ’ p o ly m e e rs o m e n  te  m ak e n .
D e  la a ts te  e x p e r im e n te n  d ie  in  d i t  p ro e fs c h r if t  b e s c h re v e n  s ta a n  h a n d e le n  o v e r  d e  
c e l lu la ire  in te g ra t ie  v a n  e n z y m -b e v a tte n d e  P S -P IA T  p o ly m e e rs o m e n . D e  c e lo p n a m e , d ie  
su c c e sv o l w a s  b ij v e rs c h il le n d e  c e l ty p e s , w e rd  to t  s ta n d  g e b ra c h t  d o o r  in m e n g in g  v a n  P S - 
P E G -ta t  in  h e t  p o ly m e e rs o o m . H e t  p e p tid e  ta t  k a n  m a c ro p in o c y to se  s tim u le re n . D a t  d it  
v o o r  d e  ta t-p o ly m e e rs o m e n , d ie  v o o r  d e  h e rk e n b a a rh e id  m e t  G F P  g e la d e n  w a re n , o o k  h e t 
g e v a l w a s , b le e k  to e n  o n td e k t  w e rd  d a t  d e x tra a n  in  a a n w e z ig h e id  v a n  d e  ta t ­
p o ly m e e rs o m e n  o o k  o p g e n o m e n  w e rd  d o o r  c e llen . H e t  d e x tra a n  g in g  v o o r  o p n a m e  ze lfs  
c o m p e tit ie  a a n  m e t  d e  p o ly m e e rs o m e n . D e x tra a n  w e rd  n ie t  o p g e n o m e n  a ls  ta t-v r ije  
p o ly m e e rs o m e n  w e rd e n  g e b ru ik t. D i t  g o ld  o o k  v o o r  d e  p o ly m e e rs o m e n  ze lf. D e  
g e d e e lte li jk e  c o lo c a lis a tie  v a n  d e  G F P -b e v a tte n d e  ta t-p o ly m e e rs o m e n  m e t  d e  k le u r s to f  
ly s o tra c k e r  to o n d e  a a n  d a t  d e  ta t-p o ly m e e rs o m e n  s le ch ts  g e d e e lte li jk  in  z u re  su b c e llu la ire  
c o m p a r tim e n te n  te re c h t  k w a m e n . D o o r  in  p la a ts  v a n  G F P  h e t  e n z y m  H R P  te  la d e n , w e rd  
e e n  e n z y m a tis c h e  n a n o re a c to r  g e c o n s tru e e rd  d ie  in  c e l le n  g e ïn te g re e rd  k o n  w o rd e n . D e  
in tra c e l lu la ire  a c t iv ite i t  v a n  d e z e  k u n s tm a tig e  c e lc o m p a r tim e n te n  w e rd  a a n g e to o n d  d o o r  
c e l le n  te  k w e k e n  in  e e n  m e d iu m  w a a r in  o o k  te tra m e th y lb e n z id in e  (T M B ) e n  
w a te rs to fp e ro x id e  a a n w e z ig  w as . T M B  k a n  p a s s ie f  c e l le n  in  d if fu n d e re n , h e tg e e n  n o rm a a l 
g e e n  n o e m e n s w a a rd ig  e f fe c t h e e f t .  M a a r  e e n  c e l d ie  H R P  b e v a t , z a l T M B  m e t  b e h u lp  v a n  
w a te rs to fp e ro x id e  o x id e re n  to t  e e n  in te n s  b la u w e  k le u rs to f . D a t  d o n k e rb la u w e  k r is ta l le n  
n a a ld e n  d e  c e l u i t  b e g o n n e n  te  s te k e n , w a t  v e rg e z e ld  g in g  v a n  e e n  s te e d s  b la u w e r  w o rd e n  
v a n  h e t  m e d iu m , b e v e s tig d e  d a a ro m  d a t  d e  in tra c e l lu la ire  p o ly m e e rs o m e n  h u n  k a ta ly tis c h e  
a c t iv ite i t  b e h o u d e n  h a d d e n . D e z e  a c t iv ite i t  h a d  e e n  la n g e re  le v e n s d u u r  d a n  d a t  o n v e rp a k te  
e n z y m e n  g e h a d  z o u d e n  h e b b e n . P o ly m e e rs o m e n  b e s c h e rm e n  d u s  h u n  lad in g . D e z e  te c h n ie k  
l i jk t  e e n  v e e lb e lo v e n d e  s tra te g ie  te  z ijn  o m  e iw it te n  v o o r  th e ra p e u tis c h e  d o e le in d e n  in  
c e l le n  te  b re n g e n .
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Polymersomes are vesicles made from block copolymers and can be regarded as more stable alternatives to liposomes!1]. 
Previously, we reported on a P S-P E G  block copolymer with an acetylene terminus that could be used for the modular 
functionalisation of any polymersome surface^. We now conjugated the cell penetrating peptide ‘tat’^  to a similar P S-P E G  block 
copolymer. Admixture of this PS-PEG-tat with the block copolymer PS-PIAT can produce tat-conjugated polymersomes. The peptide 
tat, thus presented on the surface of a polymersome, mediated the uptake of the polymersomes by different types of cells.
Peptide-mediated Cellular Uptake
HeLa cells were incubated 
with polymersomes for 75 
min. (150 pg/ml). Afterwards, 
they were washed with fresh 
m e d iu m ; im a g e s  w ere  
acquired with a confocal 
microscope. The G FP  signal 
was found to be concentrated 
around the nucleus.
, '
HeLa cells; crDA-mediated tat-anchor
©
rC
j^ P ? :
Using Cu-mediated tat-anchor
Both synthetic routes 
to w a rd s  the ta t- 
a n c h o r p ro d u ce d  
b io lo g ica lly  active  
polymersomes.
U ptake  w as a lso  
d e m o n strate d  for 
Jurkat cells, which 
grow in suspension.
Jurkat cells; Cu-mediated tat-anchor
W- >)
Polymersomes presenting tat, a cell penetrating peptide, are 
successfu lly  internalised by different cell types. Their 
subsequent perinuclear localisation suggests an endocytotic 
uptake mechanism. Future research will aim for endosomal 
escape of the polymersome, using a different PS-PEG-peptide.
[3] E. Vivès, P. Brodin, B. Lebleu, J. Biol. Chem. 1997, 272, 16010-16017
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